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ABSTRACT
In Canada, USA, and other countries, a large number of steel structures such as steel beams,
steel trusses, and steel columns have been faced with various deteriorations such as
corrosion and cracks. Hence, the need for development and validation of cheaper, greener,
efficient, and innovative rehabilitation techniques for these deficient steel structures is on
the rise. Several research studies were conducted on rehabilitation of corroded steel beams
using carbon fiber reinforced polymer (CFRP) fabrics. However, only a very limited
studies were undertaken to determine the effectiveness of basalt fiber reinforced polymer
(BFRP) fabrics for flexural rehabilitation of steel beams. Further, no studies on the
rehabilitation of shear deficient steel beams have been undertaken using BFRP. Hence, this
study was designed and carried out to investigate feasibility and effectiveness of
rehabilitation technique for steel beams with deficiency in flexural and shear strengths.
Both CFRP and BFRP fabrics were used to develop a new rehabilitation technique. The
study was completed using both experimental tests and numerical method using finite
element method. The study found that both CFRP and BFRP fabrics are able to restore
elastic stiffness, yield strength, and ultimate load capacity of a flexural deficient steel beam,
however the BFRP rehabilitated beams experienced better behaviour such as more
ductility. In addition, the study showed using BFRP fabrics in appropriate orientation (45
degree) could be the optimum technique to completely restoration of the web thickness
loss. The study also concluded that the basalt fabric offers a much cheaper and green
alternative to other fabrics like carbon fabric.
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CHAPTER 1
GENERAL INTRODUCTION
1.1 STATEMENT OF THE PROBLEM
Many steel structures such as buildings, bridges, and offshore structures have been faced
with deteriorating parameters like fatigue damage, lack of appropriate maintenance,
overloading, corrosion, and cracks. According to the report of National Research Council
Canada (NRC) in 2013, around one-third of highway bridges in Canada (approximately
75,000 bridges in total) have structural deficiencies [1]. Steel beams were used as the main
components in many of these structures. These components need emergency rehabilitation,
or even upgrading to meet the future demands. The traditional rehabilitation method of
deficient steel beams and other steel structural components involves attaching steel plates
to the damaged areas by welding or bolting. The main drawbacks of these methods include:
increase in the beams’ self-weight, increase in the possibility of fatigue failure due to the
stress concentration resulting from welding or drilling, and reduction in the durability of
the beams. In addition, welding and bolting could create the potential of future galvanic
corrosion, which adversely affects the service life of the steel beams (Galal et al. (2012))
[2]. In comparison, the use of light weight and high performance non-metallic materials
such as fibre reinforced polymer (FRP) materials is a better rehabilitation technique.
1.2 FIBRE REINFORCED POLYMER (FRP) MATERIALS
In recent decades, there has been a growing interest in using innovative materials and
structures in the field of civil engineering. The composite material, which has been
introduced, is one of the new materials that has been used in rehabilitation of the existing
structures and structural elements. Fibre reinforced polymer (FRP) materials were
developed in 1990s (Teng et al. (2002)) [3] and have been widely used in different
industries such as aerospace, automotive, marine, and civil engineering (Jain and Lee
(2012)) [4]. It is estimated that there will be a growing use of FRP materials in future years
and its production expected to reach near ten million tons by the end of 2025 (Bunsell and
Renard (2005)) [5]. Exceptional material properties such as high stiffness, high strength,
1

high fatigue endurance, and low density make FRP materials a very attractive option for
use in rehabilitation of various structures and structural components (Das and Nizam
(2014)) [6].
A composite material is an anisotropic material consisting of two or more different parts
which are bonded together. Fibre reinforced polymer material is a composite material
consisting of two different parts: matrix (continuous phase) and fibre (discontinuous phase)
as shown in Figure 1.1.

Figure 1.1 Formation of FRP
In general, the matrix part can be found in two forms: thermosetting material (polyester,
vinyl ester, epoxy resin) or thermoplastic material (polypropylene, polyethylene, PVC).
The bonding of thermoset materials is irreversible, while the bonds between thermoplastic
molecules could be broken by applying heat. Thermosetting materials usually consist of
two parts: resin and hardener, which are mixed in required amounts and set to cure. Once
the mixed product is cured, it behaves like a solid. There are four types of fibre dominating
in engineering industry; glass, aramid, carbon, and basalt, each with its own advantages
and disadvantages. In addition, fibres can be made into different forms of rod, grid, plate
(strip) and fabric (sheet) to be used in various ways.
Carbon fibre is a product of a process called “controlled pyrolysis”. Carbon fibre has been
one of the most popular fibres used in engineering applications. The main reason for the
steady increase in use of carbon fibre can be attributed to its high elastic modulus, high
tensile strength, low density (low weight), and its resistance to chemical, thermal and
environment effects. Carbon fibre is an ideal choice for structures which are weight and
deflection sensitive. However, the high cost of its production and the possibility of galvanic
corrosion are significant drawbacks for its usage (Bank (2006)) [7].
2

Glass fibre is a product of the direct melt process. Glass fibre is widely used for most
composite applications because it is economical, easy to produce, and it has moderate
stiffness and strength. However, glass fibre is sensitive to moisture, particularly in the
presence of salt and alkalinity. Glass fibre is also susceptible to creep rupture and loss of
strength under sustained stresses. There are different types of glass fibres, including Eglass (electrical grade) which is a good insulator, S-glass which has high impact strength
and corrosion resistance, R-glass which has higher tensile strength and modulus and greater
resistance to fatigue and aging, and AR-glass (alkali-resistant glass) which is used mostly
in reinforced concrete structures (Shankar ae al. (2014)) [8].
Aramid fibre is a synthetic product manufactured through a process called “extrusion and
spinning”. The main characteristics of aramid fibre are its high strength, impact resistance,
moderate elasticity modulus, and low density (about 40% of glass density). Generally,
aramid fibre is coated or painted because it is susceptible to degradation from ultraviolet
light and moisture. Its strength and stiffness decrease in high humidity environments
(Sonnenscheina et al. (2016)) [9].
Basalt fibre is a relatively new material used in making composite materials. Basalt is an
igneous rock that formed in the process of rapid cooling of lava at the surface of the ground.
Since only the raw basalt rock is used in the manufacturing of the basalt fibre and no other
additives required in this process, this material is a green, nontoxic, and recyclable material.
Basalt fibre is highly resistant to acidic and alkali attack, which makes this fibre a good
candidate in the rehabilitation of concrete and shoreline structures. The price of basalt fibre
is slightly higher than E-glass fibre, but is significantly less than aramid, carbon and other
types of glass fibres (Sim et al. (2005)) [10].
1.3 SUMMARY OF LITERATURE REVIEW
FRP material-based rehabilitation techniques have proven to be an effective method in
enhancing both shear and flexural capacity of steel beams. However, most of the previous
researches involved rehabilitation of concrete beams using various FRP materials, while
only a small number of studies were conducted on rehabilitation of steel beams using FRP
materials.
3

One of the earliest attempts of FRP rehabilitation of deteriorated steel girders was
performed by Gillespie et al. (1996) [11]. In this study, four full-scale steel girders were
removed from a damaged bridge. Based on the evaluation, the girders had lost around 40%
of the bottom flange thickness and the web of the girders were not severely corroded.
Hence, a single CFRP plate with 6.4 mm thickness was used for the rehabilitation of the
two girders. Then, two rehabilitated girders were tested under a cyclic loading with an
elastic range of around 50% of the yielding load of unrepaired girders. The results showed
that the elastic stiffness of the rehabilitated beams increased by approximately 10 to 37%.
In addition, the ultimate load capacity of the repaired girders increased by about 20%.
Rehabilitation of notched girders was investigated by Liu et al. (2001) [12] at the
University of Missouri-Rolla. In this research, four wide flange simply supported girders
were tested under 3-point bending load. Two specimens were considered as original
(undamaged) and damaged beams, and the other specimens were repaired with CFRP
plates. In the third specimen, the entire length of the bottom flange was covered with CFRP
plates, while for the fourth beam, just one quarter of the beam was repaired to check the
effect of bond length. The results showed that the first and second specimens failed by
lateral buckling, the dominant failure mode for the full covered beam was de-bonding at
the notched area (mid-span) which extended to the both ends of the beam while the fourth
specimen failed by sudden de-bonding. The results also indicated that the third and fourth
specimens experienced 60% and 45% increase in the plastic load capacity, respectively.
Tavakkolizadeh, and Saadatmanesh (2001) [13] investigated eight steel beam specimens
with S5x10 cross section. Each beam was 1300 mm long and tested under a four-point
bending load. Six beams had simulated damaged by introducing a notch at the mid-length
of the tension flange with the depths of 3.2 mm and 6.4 mm. For 3.2 mm depth notched
specimens, CFRP sheets with the lengths of 100 mm, 200 mm and 300 mm were used. For
the others, 200 mm, 400 mm and 600 mm length of CFRP sheets were used. This study
concluded that stiffness of the rehabilitated beams can almost reached the level of the
original (undamaged) beam if 0.13 mm thick of CFRP sheets is used. In addition, a
considerable increase of ultimate load capacity was found, and the increases were 63% and
144% for 3.2 mm and 6.4 mm deep notched beams, respectively.
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In another study conducted by Tavakkolizadeh and Saadatmanesh (2003) [14], the effect
of CFRP sheets on steel beam-concrete girders composite system was investigated. Three
steel girders with various levels of deficiency (loss of 25%, 50%, and 100% of cross
section) at the mid-span were tested. For 25% and 50% damaged specimens, the number
of CFRP sheet layers was one and three respectively, while five CFRP layer were used for
rehabilitation of 100% pre-damaged specimen. The results indicated that the ultimate load
capacity of the rehabilitated girders was respectively: 120%, 180% and 110% to that of the
capacity of the pre-damaged specimen. In addition, the dominant failure mode for all the
repaired girders was de-bonding of CFRP composite sheets.
Sen et al. (2001) [15] studied CFRP rehabilitated steel-concrete composite beams. In this
research, six composite specimens were tested in four-point bending. The specimens were
repaired with 2 mm and 5 mm thick CFRP fabrics. The ends of the CFRP fabrics were
clamped to the beams to prevent de-bonding of the fabrics. In some specimens, bolts were
used as well as epoxy to prevent adhesive failure. It was concluded that CFRP rupture near
the bolts was the dominant failure mode in the beams. The results indicated that elastic
stiffness of the specimens can be increased by increasing the CFRP thickness. In addition,
the ultimate load capacity increased in the range of 9% to 52% depending on the thickness
of CFRP fabrics used.
In a similar study, a total of six steel beam-concrete slab composite specimens were tested
by Al-Saidy et al. (2004) [16]. This study introduced 50% and 75% artificial damage in the
mid-span of the tensile flange of the beams and then repaired them with CFRP plates. The
results concluded that the damaged specimens can be restored to the original capacity
(strength of the original or undamaged beam) if enough CFRP plates are used in the
rehabilitation technique.
In a research conducted by Photiou et al. (2006) [17], rectangular hollow section beams
rehabilitated with a combination of CFRP and GFRP plates. In this study, four beams were
prepared and tested. In order to rehabilitate the beams, two types of CFRP flat plates were
used: high elastic modulus (HM-CFRP) that had almost the same elastic modulus as steel
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and ultra-high modulus CFRP plates (UHM-CFRP) which had a higher elastic modulus
than steel. For the GFRP composites, a U-shaped composite sheet was selected to be used.
This study showed that the UHM-CFRP flat shaped rehabilitated beams experienced
almost similar capacity to UHM-CFRP-U-shaped GFRP. However, de-bonding occurred
in the CFRP flat plates. For HM-CFRP flat shaped retrofitted beams, the results were the
same as the results of the HM-CFRP-U-shaped GFRP beams without any de-bonding or
failure in CFRP plates.
In a research conducted by Fam et al. (2009) [18], the effect of stiffness of CFRP sheets on
improvement of the flexural strength of composite (steel-concrete) beams were
investigated. The results of the study indicated that an increase of about 50% and 20% can
be achieved in the overall strength and stiffness of the repaired beams with respect to the
pre-damaged specimens. The research was performed by developing an analytical model
to predict the performance of the rehabilitated beams with various level of damage and
rehabilitation.
In a research performed by Sallam et al. (2010) [19], two different rehabilitation techniques
were examined. They attached CFRP sheets to the steel beam-concrete slab composite
system, and then the CFRP sheets were wrapped around the bottom flange of the steel
beams for one case and around the bottom flange and part of the web for the other case.
The study proved that the beams with CFRP attached only to their flange, experienced less
increase in yield load and ultimate strength than their counterpart with CFRP wrapped in
bottom flange and some parts of the web.
Failure modes of notched steel beams rehabilitated with CFRP sheets were investigated by
Hmidan et al. (2011) [20]. In this research, various steps of fatigue crack propagation were
simulated by defining various notch depth ratio of 0.1, 03, and 0.5 for notch height to beam
height. The failure modes experienced in this study were reported as web cracking, partial
and complete de-bonding, and rupture of CFRP sheets. The test results were simulated
using a nonlinear finite element model with ANSYS software. The study indicated an
increase in the ultimate load capacity for all the repaired beams. In addition, it was
concluded that the damage level did not affect the failure mode of the rehabilitated beams.
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Flexural strengthening of Steel beams using CFRP plates was experimentally and
numerically investigated by Narmashiri et al. (2012) [21]. In this research, twelve steel Ibeam specimens were tested. The results showed that ultimate load capacity could increase
by increasing the length and thickness of CFRP plates. However, thicker plates showed
more debonding than thinner plates. An effective length of CFRP plates was introduced in
that research and the results showed that using CFRP plates longer than the effective length
had no benefit in increasing the ultimate load capacity of the strengthened beams.
Application of an anchorage system was tested in a research of flexural rehabilitation of
damaged steel girders using CFRP sheets and plates by Tirca et al. (2012) [22]. The study
indicated that the failure mode of the retrofitted beams could be de-bonding or rupture of
fabrics. In this research, the effectiveness of a ductile anchorage system in increasing the
ultimate strength and ductility of the repaired beams was confirmed.
The effectiveness of CFRP cross fabrics was investigated in a study conducted by Galal et
al. (2012) [23]. In this research, thirteen wide flange steel girders with a span length of 1.6
m were tested under four-point bending setup. In order to simulate corrosion in the beams,
33% and 50% of the thickness of the tension flange was reduced. The girders were
rehabilitated with longitudinal CFRP fabrics with various layers of CFRP cross fabrics.
The failure mode for these beams was debonding in longitudinal CFRP fabrics. The study
showed that the CFRP cross fabrics did not have a considerable effect on delaying the
debonding of the longitudinal CFRP fabrics. Another objective of the research was to
evaluate the effectiveness of various epoxies on the ultimate load capacity of the
rehabilitated steel specimens. It was concluded that the type of adhesive layer had a
considerable effect on the ultimate load capacity of the girders, however, it only slightly
influenced the yield load capacity of the specimens.
In another study, application of CFRP fabrics in rehabilitation of simulated corroded, and
cracked steel beams was investigated by Manalo et al. (2016) [24]. In this study, three 3 m
long steel beams were tested in four-point bending configuration. The first beam had a
simulated crack, while the second one had 80% simulated corrosion. Both specimens were
repaired with 15 mm thick CFRP fabrics. The fabrics were wrapped around the flange and
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continued half way up the web. The results indicated that the ultimate load capacity of the
rehabilitated cracked beams and rehabilitated simulated corroded beams increased by 3%
and 8%, respectively, compared to the control specimen. In addition, the elastic stiffness of
the repaired beams increased by about 16%. Moreover, all the specimens failed because of
lateral instability after yielding and the formation of a plastic hinge was not observed.
In flexural rehabilitation and strengthening of steel beams, adhesive de-bonding was one
of the main issues that has been experienced in various studies. In order to avoid this issue,
researchers proposed some suggestions including surface preparation by sandblasting the
steel specimen, applying a layer of primer to ensure tack-free surface for a good bond
between the steel and adhesive layer, and then using an appropriate adhesion material to
attach fabrics to the steel substrate (McKnight et al. (1994) and Chen and Das (2009)) [25,
26].
Flexural rehabilitation of steel beams using CFRP plates or sheets, were investigated by
different researchers, however, only a limited number of studies were performed where
CFRP composite fabrics was used for shear strengthening and rehabilitation (web repair)
of the steel beams.
One of the first studies in web rehabilitation of the steel beams was carried out by Shylley
et al. (1994) [27]. They tested six beams with a span length of 711 mm in three- point
bending configuration. A 100 mm diameter hole was drilled at the mid-height, 178 mm far
from the supports. Various types of FRP sheets were used in the rehabilitation procedure.
The results showed that all the rehabilitated beams could not achieve the ultimate strength
of the undamaged specimen. The results also showed that fibre orientation have a
significant effect on the ultimate strength of the rehabilitated beams.
In a study conducted by Patnaik et al. (2008) [28], the effect of CFRP laminates in flexural
and shear strengthening of steel beams was investigated. This study tested six steel beams,
two beams were control specimens, two beams were flexural strengthened, and two beams
were shear strengthened by attaching CFRP laminates to the web. The results indicated that
an increase of about 15% in flexural strength and about 26% in shear strength was achieved.
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Shear strengthening of steel beams with CFRP strips was conducted by Narmashiri et al.
(2010) [29]. The attached various varying amounts of strips in one and both sides of the
web of the steel I beams. A total of five specimens with a length of 1000 mm were tested
in four-point bending test. The results showed that by attaching CFRP strips on both sides
of the web, an increase of about 50% in load bearing capacity can be achieved.
In a similar study performed by Rigi and Narmashiri (2015) [30], a total of seven specimens
were experimentally and numerically investigated to evaluate shear strengthening of steel
beams with vertical and diagonal CFRP strips. The results indicated that diagonal
strengthening of both faces of the web area, significantly increased the load bearing
capacity of the beams. In addition, using CFRP strips on both faces of the web could lead
to a considerable reduction of vertical deflection of the beams.
El-Sayed et al. (2016) [31] performed a similar research for shear behavior of steel beams
retrofitted with CFRP strips. This study used varying amounts of CFRP strips in various
orientations. A total of seven simply supported steel beams were tested in four-point
bending setup. The results indicated that using CFRP strips on both sides of the web is an
effective method for increasing bearing load capacity and decreasing the mid-span
deflection of the steel beams. In addition, they numerically modeled the beams with
ANSYS software and a good correlation between the both experimentally and numerically
outputs was achieved in this study.
One of the main issues in CFRP rehabilitation of steel structures is the possibility of
galvanic corrosion. Since CFRP and steel are dissimilar materials, their direct contact could
create an electric current in the electromechanical coupling process. Therefore, to avoid a
direct contact between the CFRP and the steel surface in CFRP rehabilitated beams, a
sufficiently thick adhesive layer was recommended (West (2001) and Dawood (2005)) [32,
33]. The other solution is using an additional E-glass layer to electrically insulate the
contact of CFRP and steel substrate (Gillespie and Mertz (1996)) [34].
Basalt fabric is a relatively new material that is made of a volcanic rock called basalt. In
its production, no additives are added and hence, basalt fabric is a green material and
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environmental friendly. In addition, there is no concern of galvanic corrosion in steel
structures rehabilitated with BFRP fabrics since basalt is not an electrically conductive
material (Jeevanantham et al. (2016)) [35]. Further, the cost of basalt fabric is about 1/5th
of the cost of similar carbon fabrics (Swentek et al. (2016)) [36]. Since basalt material is a
relatively new material to the construction industry, only a limited number of studies on
the use of BFRP material in rehabilitation of damaged structures are reported in the
literature. No previous studies on rehabilitation of steel structures using BFRP fabrics were
found. However, some studies were carried out using BFRP fabrics for flexural
rehabilitation and strengthening of concrete beams.
In a study carried out by Huange et al. (2013) [37], the structural behavior reinforced
concrete beams rehabilitated with various FRP fabrics was investigated. A total of nine
beams with a span length of 1.8 m were tested under four-point bending. The results
indicated that for the beams rehabilitated with two layers of BFRP fabrics, the ultimate
load capacity and ductility improved by 22% and 17% respectively, compared to the unstrengthened beam. However, this amount was around 20% and 25% of the improvement
in the beams rehabilitated with GFRP and CFRP respectively. In addition, the dominant
failure mode experienced in the rehabilitated beams was interfacial de-bonding. The study
concluded that the performance of beams rehabilitated with BFRP fabrics lies in between
the performances of beams rehabilitated with CFRP and GFRP fabrics.
Duic et al. (2018) [38] investigated the feasibility of flexural strengthening and
rehabilitation of RC beams using BFRP composite sheet. In this study, seven full-scale RC
beams were tested under four-point bending load. The study found that BFRP is an
appropriate material for flexural rehabilitation of RC beams if proper cross fabrics are used
to prevent premature de-bonding failure in the repaired beams. However, the study also
concluded that BFRP strengthening of RC beams can reduced ductility of the beams by
30%.
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1.4 OBJECTIVES OF THE DISSERTATION
This research was designed and performed to study the feasibility and the effectiveness of
flexural rehabilitation of corroded steel beams with CFRP and BFRP fabrics. The study
also developed a technique for rehabilitation of shear strength deficient steel beams those
lost part of the web thickness due to corrosion damage. A total of sixteen specimens were
tested in phase 1 and seven specimens were tested in phase 2. In this research, the following
structural parameters were investigated:
 Yield load capacity of the beams.
 Ultimate load capacity of the beams.
 Elastic stiffness of the beams.
 Ductility of the beams.
 Failure behavior of the beams.
 Strain analysis of the beams.
Complex and detailed non-linear finite element (FE) models were developed using
ABAQUS code, a commercially available software, to simulate the structural behavior of
flexural and shear rehabilitation of steel beams. The purpose of performing FE models was
to estimate the optimum orientation and number of layers of fabrics needed for complete
rehabilitation of corroded steel beams.
1.5 METHODOLOGY
1.5.1 Material properties
In this research, four wide flange W150x24 steel beams with a length of 12 meters were
supplied by the Tilbury Steel Company. The W150x24 section was selected to minimize
the possibility of lateral-torsional buckling failure in the specimens. In Table 1.1, the
dimensions of the steel cross section are presented [39]. In order to find tensile properties
of the steel material, six steel specimens were tested in accordance with ASTM E8/E8M15a standard [40]. Figure 1.2 shows the coupon specimens tested in this study. For all the
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specimens, stress-strain plots were determined, and the average is shown in the Figure 1.3.
As can be found from the figure, modulus of elasticity (E), yield strength (Fy) and ultimate
strength (Fu) are 205 GPa, 379 MPa, and 484 MPa, respectively. In addition, strains at yield
point and ultimate loads (εy, εu) of the steel were found to be 0.002 and 0.37 mm/mm,
respectively.
Table 1.1 Dimensions of steel cross section
Dimension of Steel Cross Section (mm)
Depth

Flange Width

Flange Thickness

Web Thickness

160

102

10.2

6.6

Figure 1.2 Steel coupon specimens

12

Weight (kg/m)
24

Figure 1.3 Stress-strain curve of steel

In this study, materials used to rehabilitate the steel beams were dry fabrics, epoxy primer
and two-part epoxy resin. Two different unidirectional dry fabrics were used: carbon and
basalt. Unidirectional basalt fabric was provided by Sudaglass Fibre Technology Inc., and
the carbon fabric was manufactured by Sika Canada Inc. and supplied by Hotham Building
Materials Inc. in Windsor as shown in Figure 1.4. In Table 1.2, the specifications of the dry
fabrics provided by their manufacturer are presented. The epoxy system employed in
preparation of rehabilitated and strengthened specimens was MasterBrace FIB System
produced by the BASF Chemical Company. The system included MasterBrace P 3500
(two-part epoxy primer), and MasterBrace SAT 4500 (two-part epoxy resin). The
mechanical properties of the epoxy primer and epoxy resin provided by the manufacturer
are reported in Table 1.3. MasterBrace P 3500 is a two-part epoxy when mixed, yields a
relatively viscosity material that penetrates the pore structure of the steel surface and
provides a high bond base coat. MasterBrace SAT 4500 is a high strength, low viscous twopart adhesive material that is used as the primer which facilitates bonding of FRP fabrics
to steel surfaces. Each material is a two-part (epoxy and hardener) system. The mix ratios
(epoxy: hardener) are 100:30, and 100:60 by weight, for epoxy resin and epoxy primer,
respectively.
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a) Basalt fabric

b) Carbon fabric

Figure 1.4 Unidirectional dry fabrics

Table 1.2 Specification of dry fabrics
Carbon dry fabric

Basalt dry fabric

Style

Thickness
(mm)

Weight
(gm/m2)

Style

Thickness
(mm)

Weight
(gm/m2)

GA060

0.26

227

UD-280-13-60

0.45

280

Table 1.3 Mechanical properties of epoxy primer and epoxy resin provided by
manufacturer
Epoxy primer
Fy (MPa)
35

E (GPa)
2.1

Epoxy resin
εy (%)
1.8

Fy (MPa)
54

Fu (MPa)
55

εy (%)
2.5

εu (%)
3.5

E (GPa)
3.1

Properties of the FRP composite fabrics (dry fabric impregnated with epoxy resin) were
determined by conducting various coupon tests in accordance with ASTM standard
specification. ASTM D3039/D3039M–14 standard [41], specifies the test method for
determining the tensile properties of polymer materials reinforced by fibres. The standard
specifies the coupons dimension. In addition, it recommends the use of tabs at the ends of
coupon specimen to ensure even distribution of applied load and prevent rupture of
specimen due to stress concentrations at the grips. Hence, four tabs made of Epoxy Glass
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Composite board produced by Vector Electronics were employed. The preparation of
composite coupon specimens started with impregnation of fabric sheets with epoxy resin.
Each fabric sheet was impregnated with epoxy resin and then placed on a flat surface
between two end tabs positioned on each side of the sheet as shown in Figure 1.5a. The
sheets were then allowed to cure in room temperature for seven days. In the next stage, the
composite fabric sheets were cut to the standard dimensions as shown in Figure 1.5b.
Strain gauges were mounted on each of the coupon specimens as shown in Figure 1.5c to
obtain strain data. All the strain data were collected through a data acquisition system
connected to a desktop computer. The composite coupons were placed in the grips of a
Universal Testing Machine (UTM) with a 100 kN load capacity as shown in the Figure 1.6.
All coupon specimens were tested under monotonically increasing increments of tensile
load. According to the standard, crosshead displacement rate should be less than 2 mm/min.
The longitudinal load was measured and recorded simultaneously by the UTM data logger.
Figure 1.7 shows tested coupon specimens of both composite fabrics.
The stress-strain curve for each specimen was determined using the test data and then the
average results for the coupon specimens was calculated as shown in Figure 1.8. As can be
found from the graphs, the modulus of elasticity, failure stress, and failure strain of CFRP
fabric were found to be 152 GPa, 1780 MPa, and .012 mm/mm respectively. The modulus
of elasticity of BFRP fabric was also found to be 25 GPa, while the failure stress and failure
strain were found to be 570 MPa and .025 mm/mm, respectively.

a) Fabric sheet

b) Coupon specimen
Figure 1.5 Coupon specimens
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c) Mounting strain gauges

Figure 1.6 Coupon specimen in UTM

a) BFRP composite coupons

b) CFRP composite coupons

Figure 1.7 Tested composite coupons

Figure 1.8 Stress-strain curves of CFRP and BFRP composite fabrics
The experimental program consisted of two phases: flexural rehabilitation and shear
rehabilitation of steel beams.
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1.5.2 Flexural rehabilitation of deficient steel beams
Sixteen 2 m long specimens (1.5 m span length) were cut from the 12 m beams at the
Structural Engineering Laboratory of the University of Windsor. The beam specimens were
identified using different labels such as CV for the control virgin specimen and CD for
control damaged specimens. Two types of damaged (corroded) beams were selected in this
part of the study and these beams had thickness loss of 20% and 40%. Corrosion damage
was created by machining the bottom flange at the mid-span of the specimen. An arc shaped
with a length of 100 mm was machined with a computer numerical control (CNC) machine.
The width of the damaged area was equal to the width of the beam (102 mm). The
dimension of damages is shown in the Figure 1.9. In Figure 1.10, a photo of damaged steel
beam is shown.

(a) 20% Defect

(b) 40% Defect

Figure 1.9 Damage area in the bottom flange of steel beam

Figure 1.10 Photo of damaged steel beam
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Rehabilitated beam specimens consisted of nine specimens with two types of damage,
repaired with varying number of CFRP and BFRP fabric layers.

In addition, four

undamaged (uncorroded) beams were attached with CFRP and BFRP fabrics and used as
strengthened specimens. The test matrix is shown in Table 1.4. The labeling for the
rehabilitated specimens was based on the percentage of damage and the number and type
of fabric layers used. For example, the specimen CD-20 represents the control damage
(CD) specimen with 20% corrosion depth. Similarly, the specimen R403C indicates a beam
specimen with 40% corrosion depth that was rehabilitated (R) with three layers of CFRP
fabric (3C).
Table 1.4 Test matrix for flexural rehabilitation of steel specimens
Beam ID

% of damage

No. of layers

Type of layers

Specimen type

CV

N/A

N/A

N/A

Original

CD-20

20

N/A

N/A

Damaged

CD-40

40

N/A

N/A

Damaged

R202C

20

2

Carbon

Rehabilitated

R204C

20

4

Carbon

Rehabilitated

R403C

40

3

Carbon

Rehabilitated

R405C

40

5

Carbon

Rehabilitated

R407C

40

7

Carbon

Rehabilitated

R204B

20

4

Basalt

Rehabilitated

R207B

20

7

Basalt

Rehabilitated

R407B

40

7

Basalt

Rehabilitated

R4010B

40

10

Basalt

Rehabilitated

ST2C

N/A

N/A

Carbon

Strengthened

ST4C

N/A

N/A

Carbon

Strengthened

ST4B

N/A

N/A

Basalt

Strengthened

ST7B

N/A

N/A

Basalt

Strengthened
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1.5.3 Preparation of flexural rehabilitated beams
In order to prepare a strong bond between the steel substrate and FRPs layers, the surface
of the steel specimens must be cleaned. Hence, the steel beams were sandblasted to ensure
the steel substrate has no oil or grease or paint. Then, a layer of epoxy primer (MasterBrace
P3500) was applied to the bottom flange of the steel beams with a roller and continued to
half of the web of the specimen to create a tack-free surface. The epoxy primer
(MasterBrace SAT 4500) that used is in this research contained two parts: resin and
hardener. The resin part was pre-mixed for three minutes before adding the hardener. Once
the hardener part was added, the combination was mixed for five minutes. The mixing ratio
of epoxy primer was 100:60 (primer: hardener) by weight. Applied primer should be cured
for a minimum of 5 hours. The process of attaching fabrics should be done within the first
24 hours of application of the epoxy primer. Figure 1.11 shows the process of applying
epoxy primer.

Figure 1.11 Applying epoxy primer
The next step was preparing epoxy resin. Similar to the epoxy primer, the epoxy resin used
in this study contained two parts: resin and hardener. The resin part was pre-mixed for three
minutes before adding the hardener. Once the hardener part was added, the combination
was mixed for five minutes. The mixing ratio of epoxy resin was 100:30 (resin: hardener)
by weight. The next step was impregnation of dry fabrics and attaching them to the steel
surface. Prior to the application of the main FRP layers, the damaged area was filled with
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small FRP layers to avoid any stress concentrations at the ends of the damaged area, as
shown in Figure 1.12.

Figure 1.12 Filling the damaged area with small FRP pieces
In the next step, dry fabrics were cut into required size. The width of layers was 102 mm,
covering the entire width of the steel beams. The length of the fabrics was 1200 mm. To
prepare an appropriate base for impregnated dry fabrics, a small amount of prepared epoxy
resin was poured over the bottom flange of the specimen as shown in Figure 1.13 (the beam
was flipped to facilitate the process). Then each longitudinal dry fabric was firstly soaked
in the epoxy primer and then attached to the bottom flange of the steel specimens.

Figure 1.13 Covering the bottom flange surface of the beams with epoxy resin
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The first layer of longitudinal fabric was impregnated and then attached to the flange of
the specimen. Epoxy resin was poured again over the first layer and it was distributed by a
roller as shown in Figure 1.14.

Figure 1.14 Pouring epoxy resin over the attached fabrics
The process of attaching longitudinal fabrics continued until the last layer was attached.
Once all the longitudinal fabric layers were attached to the beam, two layers of 590 mm
wide fabrics (cross-wraps) were bonded transversely to reduce the risk of debonding.
Figure 1.15 shows the rehabilitation scheme.

Figure 1.15 Rehabilitation scheme for flexural rehabilitated beams
Once all the FRP layers were attached to the beam, a thin layer of plastic was placed over
the beam. Air bubbles between the plastic and attached fabrics were removed manually by
pressing the plastic in different directions. Three wooden boards were placed over the
bottom flange and in both web areas of the specimen. Weights were placed over the wooden
board to compress all the fabrics on the bottom flange, and C clamps were used to force
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extra epoxy and trapped air bubbles released from the beams as shown in Figure 1.16. Then
the beams were left to cure in room temperature for seven days before testing.

Figure 1.16 Using wooden boards for rehabilitation of steel beams
1.5.4 Instrumentation of flexural rehabilitated beams
In this study, to determine strain data, Kyowa strain gauges type KFRP-5-120-C1-1 with a
length of 5 mm, resistance of 120 ohms, and gauge factor of 2 were used for all specimens.
Seven strain gauges were placed at the mid-span of the rehabilitated beams to find the
position of the neutral axis and four strain gauges were placed at two different lengths far
from the mid-span to check slippage of the fabrics over the steel substrate, as shown in
Figure 1.17. Prior to attaching strain gauges to the steel substrate, the steel surface was
cleaned with acetone to remove any grease or oil. Loctite 401 glue was used to attach the
strain gauges to the steel surface, it provided a very strong bond between the strain gauge
and steel. The leads of the strain gauges were soldered, and electrical tape was placed under
the leads to prevent any electrical conduction.
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a) Mid-span strain gauges

b) Longitudinal strain gauges

Figure 1.17 Strain gauges on rehabilitated beams

Four Linear variable differential transformers (LVDTs) were used to measure the deflection
of the beams at different locations. Three LVDTs with a maximum stroke of 150 mm were
placed on the bottom of the beam at ¼, ½, and ¾ span lengths and one LVDT was placed
at the mid-span perpendicular to the web to measure the lateral deflection of the specimens.
A universal loading actuator and a very stiff loading beam were used for the application of
four-point bending load. Load was transferred from the actuator to the loading beam, and
then transferred from the loading beam to the specimen at a spacing of 500 mm. A loadcell
with capacity of 1500 kN was attached to the actuator and two loadcells of 400 kN capacity
were placed below the pin and roller supports of the specimen.
National Instruments LabVIEW Program was used to lunch all the data. Seven modules
and 15 channels were used to collect measurements for the control and control corrosion
specimen, while seven modules and 21 channels were used to collect data for the
rehabilitated specimens. The rate of data collection was one reading per second.
The beam was set up to have a span length of 1500 mm, and a loading beam with a span
length of 500 mm. The pin and roller setup were used at the ends of the beam as well as
the loading beam.
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The test setup was complete once strain gages, LVDTs, and loadcells were all connected to
the data acquisition system. The complete test setup is shown in Figure 1.18. Figure 1.19
shows a specimen before and after testing.

Figure 1.18 Test setup for flexural rehabilitated beams

a) Specimen before test

b) Tested specimen

Figure 1.19 A specimen before and after test

1.5.5 Shear rehabilitation of steel beams
In this phase (phase 2) of the study, seven specimens with a length of 1.5 m and a span
length of 1.2 m were cut in the Structural Engineering Laboratory of the University of
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Windsor. The beam specimens were identified using different labels such as CV for the
control virgin specimen and CD-50 for control damaged specimen. One type of corrosion
induced damaged beam was selected in this phase on the study and each corroded beam
had50% maximum damage (thickness loss) in the web. Damage area for the beams was
created by machining both faces of the web and near the right end of the beam. A
rectangular shape with a length of 275 mm and 100 mm width was machined with a
computer numerical control (CNC) machine. The description of damage is shown in the
Figure 1.20. Figure 1.21 shows a photo of damaged steel beam.

Figure 1.20 Imperfection area in both sides of the web

Figure 1.21 Photo of damaged steel beam

Rehabilitated beams consisted of five steel specimens repaired with two patterns of
rehabilitation. In addition, two beams were considered as original and control damaged
beams. The test matrix is shown in Table 1.5. The labeling of the rehabilitated specimens
was based on the percentage of damage (which is 50%) and the patterns of rehabilitation
which is the orientation of the unidirectional basalt fabrics including vertical and horizontal
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patterns. For example, the specimen CD-50 represents the control damaged beam and the
specimen R6BH indicates a beam specimen with 50% corrosion damage that was
rehabilitated (R) with six basalt layers with horizontal orientation (BH).
Table 1.5 Test matrix for shear rehabilitation of steel specimens
Beam ID

% of damage

No. of layers

Type of layers

Specimen type

CV

N/A

N/A

N/A

Original

CD-50

50

N/A

N/A

Damaged

R6BH

50

6

Basalt

Rehabilitated

R12BH

50

12

Basalt

Rehabilitated

R6BV

50

6

Basalt

Rehabilitated

R12BV

50

12

Basalt

Rehabilitated

R18BV

50

18

Basalt

Rehabilitated

1.5.6 Preparation of shear rehabilitated beams
The process of rehabilitation was same as the first phase of the study, the specimens were
sandblasted and then a layer of epoxy primer was applied on the beams. In the next step,
impregnated dry basalt fabrics were attached on the specimens. The length of fabrics was
600 mm and they covered the web and inner sides of the top and bottom flanges of the
beams in both sides as shown in the Figure 1.22. Two patterns of rehabilitation were used
in this study: horizontally oriented unidirectional basalt fabrics and vertically oriented
fabrics as shown in the Figure 1.23.
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Figure 1.22 Applying basalt fabrics

Figure 1.23 Patterns of rehabilitation

1.5.7 Instrumentation of shear rehabilitated beams
Figure 1.24 shows the locations of strain gauges installed on the beam. In order to
determine deformations and strains in the rehabilitated area, the digital image correlation
technique (DIC) was used. The success of strain measurements in the DIC method depends
on the preparation of an appropriate specimen with a good speckle pattern. To create a
necessary contrast on the surface of specimens, a thin layer of white paint was first applied,
and then random speckle patterns was applied using black spray paint. When using the DIC
method, a series of clear and high-resolution photos are required to obtain an accurate
displacement and strain map. In this study, a 14 mega pixel Canon digital camera was used
to capture photos of the specimens during the test. The beam specimen was illuminated by
a standard white light source to ensure the photos were clear. The digital camera was fixed
in an acceptable position (same height and close enough to the specimen) by using an
adjustable tripod. During the test, the digital camera was connected to a computer via smart
shooter software, and all digital images captured from the coupon tests were recorded
simultaneously. In this study, the photos for all specimens were taken at every 3 seconds.
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VIC computer software (reference needed) was used to correlate all images and provide
the displacement and strain maps of the specimen surface. This software can calculate
several variables including e XX (strain in X direction), eYY (strain in Y direction), and eXY
(strain in 45°) [42]. After completing the analysis of the images in VIC software, strain
maps were obtained. Figures 1.25 shows a typical specimen and its surface that was painted
for DIC technique.

Figure 1.24 Strain gauges and DIC technique

Figure 1.25 DIC technique used in this study

Similar to the phase 1, other devices including a universal loading actuator, LVDTs, load
cells, and a data acquisition system were used in phase 2. Figure 1.26 shows a schematic
of test setup. In addition, a photo of a specimen is shown in the Figure 1.27.
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Figure 1.26 Test setup for shear rehabilitated beams

Figure 1.27 Photo of a specimen

1.6 ORGANISATION OF DISSERTATION
This dissertation consists of seven chapters. In the first (current) chapter, a general
introduction and the methodology of the study are provided. The second chapter describes
flexural rehabilitation of corroded steel beams with BFRP fabrics. This chapter presents
the effectiveness of using basalt fabrics in rehabilitation of corroded steel beams. The third
chapter discusses the rehabilitation of corroded steel beams with CFRP fabrics. This
chapter explains in detail, the finite element modeling of the rehabilitated beams including
modeling of the ruptures in the fabrics. The fourth chapter compares the behavior of basalt
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and carbon fabrics in flexural rehabilitation of the damaged steel beams and concludes
basalt fabric is a competitive alternative to carbon fabric in rehabilitation of steel beams.
The fifth chapter discusses the use of basalt fabrics for shear rehabilitation of steel beams.
Chapter 6 presents mechanical properties of various fabrics including glass, aramid, carbon
and basalt were explained. In addition, the effectiveness of DIC technique for calculation
of strain data is presented in this chapter. In the seventh chapter, the general conclusion and
recommendation of the study are presented.
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CHAPTER 2
REHABILITATION OF CORRODED STEEL BEAMS USING BFRP FABRICS
2.1 INTRODUCTION
Many bridges, parking garages, and other structures in the US and Canada are in need of
rehabilitation or replacement. There are about 56,000 structurally deficient bridges in the
US [1], and the average age of US bridges is about 42 years [2]. In Canada, more than 40%
of bridges were built over 50 years ago [3]. It is estimated that, one-third of Canada’s
highway bridges have structural deficiencies and a short remaining service life [4]. The
average age of bridges has also been increasing steadily [5].
For reinforced concrete and steel bridges and parking garages, corrosion is one of the main
causes of deterioration, and the rate of corrosion is accelerated due to the widespread use
of de-icing salts in North America. Various methods are available for rehabilitating
corroded steel beams. The most common method of corrosion repair includes either
welding or bolting steel plates after the beam has been cleaned of the corrosive products.
However, this procedure is labour intensive and time consuming. Further, this procedure
introduces the potential for weld cracking failure at the ends of the steel plates when the
welding method is used in the rehabilitation. Regions of high stress concentrations could
develop near bolts when the bolting method is used [6].
Fiber Reinforced Polymer (FRP) fabrics are composite materials containing an epoxy
matrix reinforced with fibers. Common types of FRP fabrics used are Carbon FRP (CFRP),
Glass FRP (GFRP), and Aramid FRP (AFRP). Due to its high strength-to-weight ratio and
cost effectiveness, the use of FRP fabrics has been useful and is gaining popularity in the
rehabilitation of structures. FRP fabrics may be slightly more expensive than steel plates.
However, since welding or bolting is not required, the cost of labour is much lower.
Earlier studies found that the rehabilitation of corroded and cracked steel beams using
CFRP fabric resulted in a moderate increase in the elastic stiffness [7-9]. Other studies
found that significant increase in the ultimate strength can be achieved through using CFRP
fabric [10, 11]. Selvaraj and Madhavan [12] found an improvement in the flexural moment
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capacity of steel structures strengthened with CFRP. El Damatty et al. [13] found that steel
beams strengthened using GFRP fabric resulted in increased elastic stiffness, and yield and
ultimate moment capacities. However, previous studies found that the ductility of beams
rehabilitated using CFRP or GFRP fabrics decreased and this occurs due to the brittle
failure mode of FRPs.
A concerning issue with the use of CFRP for steel rehabilitation is the increased possibility
of galvanic corrosion. The cause for galvanic corrosion is the electrochemical coupling of
two dissimilar metals, which creates an electric current. CFRP and steel are dissimilar
metals, hence direct contact between steel and CFRP needs to be avoided. Therefore, the
use of an E-glass layer was recommended to electrically insulate CFRP and steel [14].
Galvanic corrosion is not a concern at all for Basalt FRP (BFRP) as it is not a conductor,
and thus, it does not require any electrical insulation. Basalt fiber is made from basalt rock
through a melting process. In the manufacturing process, it contains no additives so the
product is nontoxic and recyclable [15]. Hence, basalt products are a greener option as
compare to both carbon and glass fiber fabrics. Further, basalt fibre fabric’s cost is about
1/5th of carbon fibre fabric [16].
Basalt material is relatively new to the construction industry and hence, a limited number
of research papers on the use of BFRP products in rehabilitation of damaged structures are
available. Huang et al. [17] investigated the flexural behaviour of concrete beams
strengthened/rehabilitated with BFRP fabrics. This study also investigated and compared
the performance of concrete beams rehabilitated with three different fabrics: CFRP, GFRP,
and BFRP. The study found that the performance of beam rehabilitated with BFRP fabric
lies in between the performance of concrete beams rehabilitated with CFRP and GFRP
fabrics. In addition, it was found that the concrete beams strengthened with BFRP fabric
exhibited higher yield and ultimate load capacities as compare to GFRP. However, the
ductility of the strengthened and rehabilitated concrete beams with BFRP fabric reduced
when compared to that of the control specimens.
Hence, the literature review found that a large number of study was conducted on the repair
of concrete structures with CFRP and GFRP fabrics and only a few researches were
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completed where rehabilitation of damaged steel beams was studied. Literature review,
however, did not find any studies on the rehabilitation of corroded steel beams or any other
steel structural components using BFRP fabrics. Hence, this research was designed and
executed carefully to investigate the feasibility and performance of corroded steel beams
rehabilitated using BFRP fabric. In this paper, a technique for flexural rehabilitation of
corroded steel beams using BFRP fabric is presented. The study was completed using lab
tests and finite element analyses.
2.2 EXPERIMENTAL PROGRAME
Tensile tests on material specimens were undertaken to determine material properties.
Tests on steel beams were undertaken to determine the performance of corroded steel
beams rehabilitated with BFRP fabric.
The test matrix as shown in Table 2.1 consisted of seven steel beams made of W150x24
[18]. Three beams were designated as control and control corrosion (CC) beams. The
control beam is a virgin steel beam and hence, it did not have any defects. There were two
control corrosion beams and these beams had corrosion defects in the bottom flange. The
loss of flange thickness of these two beams were 20% and 40% and these two specimens
are called 20CC and 40CC (Table 2.1). The corrosion defect in each steel beam was
introduced at the mid-span through the entire width of the bottom flange as shown in Figure
2.1. Four beams with the corrosion defect were rehabilitated using BFRP fabric and these
beam specimens are 20RB4L, 20RB7L, 40RB7L, and 40RB10L. The naming for the
rehabilitated specimens is based on the depth of the corrosion defect and the number of
layers of basalt fibre fabric used for rehabilitation. For example, the specimen, 20RB4L
indicates that this beam specimen had 20% loss in flange thickness (20) resulting from the
corrosion and the beam was rehabilitated (RB) with four layers (4L) of BFRP fabric.
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Table 2.1 Test matrix**
Percentage of

Number of Basalt

Total Thickness of

Corrosion

Layers Used

BFRP (mm)*

Control (Virgin)

0%

-

-

20CC

20%

-

-

40CC

40%

-

-

20RB4L

20%

4

1.80

20RB7L

20%

7

3.15

40RB7L

40%

7

3.15

40RB10L

40%

10

4.50

Beam ID

*The thickness of one layer of BFRP fabric is 0.45 mm.
**These tests were done jointly by author and Mr. Sahan Jayasuriya
All beam specimens were 2.0 m long with a centre-to-centre span length of 1.5 m. The
beam specimens were tested in four-point bending. The bending load was applied using a
steel spreader beam, which had a span length of 500 mm as shown in Figure 2.2. The load
was applied monotonically using displacement control method. All beam specimens were
fabricated and tested in the University of Windsor’s Structural Engineering Lab.

(a) 20% corrosion defect

(b) 40% corrosion defect

Figure 2.1 Corrosion profiles
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a) A photo of test setup

b) A schematic of test setup
Figure 2.2 Test setup

Structural steel beams were used in this study and the tensile properties of the steel were
determined by testing coupons in accordance with ASTM E8/E8M-15a [19]. The average
yield strength, elastic modulus, and ultimate strength were found to be 379 MPa, 205 GPa,
and 484 MPa, respectively. Properties of the BFRP composite were found by testing
coupons in accordance with ASTM D3039/D3039M-14 [20]. The elastic modulus, ultimate
strength and ultimate (rupture) strain were found to be 25 GPa, 570 MPa and 2.5%,
respectively. The stress-strain behaviour of the steel and BFRP fabric are shown in Figure
2.3.

Figure 2.3 Stress-strain behaviour of steel and BFRP fabric
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In order to enhance the bond behaviour, all rehabilitated beams were first sandblasted to a
“white metal” finish and the surface was cleaned using compressed air similar to what was
used by McKnight et al. [21]. A thin layer of primer was then applied on the beam and
allowed to become tack-free. Approximately 24 hours after the primer was applied, using
a two-part epoxy, small longitudinal pieces of BFRP were attached to the corrosion area.
This was done to fill the gap created by corrosion and to avoid any stress concentrations at
the ends of the corrosion. Then, longitudinal BFRP strips of fabric cut to the required
dimensions were bonded to the beam using a dry lay-up method. Two layers of transverse
fabrics of 590 mm length (cross-wrap) were bonded to eliminate the debonding as
suggested by Liu et al. [22] and as shown in Figure 2.4. The beams in the current study
were allowed to cure for a week in room temperature before testing.

Figure 2.4 Layout of rehabilitation scheme

Linear Variable Differential Transformers (LVDTs), strain gages, and loadcells were used
to collect deflection, strain, and load data from the tests. In order to acquire the deflection
profile of the tested beams, three LVDTs were placed under the bottom flange of the beams
at every quarter span length (Figure 2.2). One LVDT was placed at the mid-span
perpendicular to the web of the beams, to monitor out-of-plane deflection while beams
were being loaded. A universal loading actuator was used for the application of four-point
bending load. Two loadcells were placed on the supports to ensure the loading was
distributed evenly between the two supports. Eight strain gages were placed on every beam
specimen as shown in Figure 2.5a. In order to check any slippage or debonding of
longitudinal fabrics over the steel substrate, four strain gages were installed at locations
away from the mid-span of the rehabilitated beams as shown in the Figure 2.5b.
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a) Strain gages at mid-span

b) Longitudinal strain gauges

Figure 2.5 Strain gauge locations
2.3 RESULTS AND DISCUSSION
An estimation of the optimum number of BFRP layers was needed for the rehabilitation of
the corroded beams. In order to estimate the optimum number of layers, the thickness of
BFRP added was converted to an equivalent thickness of steel using the modular ratio.
Then the depth of the neutral axis and bending stiffness (EI) of the rehabilitated beams
were calculated. The following section presents the load-deflection behaviours and the
ductility performances of the tested beams.
2.3.1 Load-deflection behaviour
The deflection shown in all load-deflection curves was obtained from LVDT2 in Figure
2.2. The load data was acquired through the loadcell attached to the loading actuator.
Figure 2.6 shows the load-deflection behaviours of all the beam specimens with 20%
corrosion defect and the control (virgin) beam. As can be found in this figure, the control
(virgin) specimen exhibited yield and ultimate load carrying capacities of 273 kN and
325 kN, respectively. The test of control beam specimen was terminated at about 70 mm
mid-span deflection and at that point, the load capacity of the beam began to drop and the
test setup appeared very unsafe to continue the test. The yield load was obtained when the
strain value of the bottom flange reached yield strain of 0.2%. The ultimate load in this
study is considered as the maximum load that the beam specimen was able to carry.
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Figure 2.6 Load-deflection curves of beams with 20% corrosion defect

The yield loads of the control (virgin) beam and 20% control corrosion beam (20CC) were
273 kN and 255 kN, respectively. The ultimate loads of the control beam and 20CC beam
were 325 kN and 312 kN, respectively as shown in Table 2.2. Hence, the drop in yield and
ultimate load capacities of beam specimen, 20CC with respect to the control specimen were
6.6% and 4%, respectively.
Table 2.2 Load-deflection behaviour of beams with 20% corrosion defect
Control

20CC

20RB4L

20RB7L

Py (kN)

273

255

270

273

Pu (kN)

325

312

326

341

Deflection at Yield (mm)

8.3

7.7

8.3

8.5

Elastic Stiffness (kN/mm)

35.4

33

35

37

Change in Py Compared to Control (%)

-

-6.6

-1.1

+0.0

Change in Pu Compared to Control (%)

-

-4.0

+0.3

+4.9

Change in Stiffness Compared to Control (%)

-

-6.8

-1.1

+4.5

Change in Py Compared to 20CC (%)

N/A

-

+5.9

+7.1

Change in Pu Compared to 20CC (%)

N/A

-

+4.5

+9.3

Change in Stiffness Compared to 20CC (%)

N/A

-

+6.1

+12.1

*Py indicates yield load, Pu indicates ultimate load
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The beam 20RB4L which had the same level of corrosion (20%) as beam 20CC was
rehabilitated using four layers of BFRP fabric. As can be found from Figure 2.6, the beam
20RB4L attained a yield load of 270 kN and an ultimate load of 326 kN. Hence, the beam
specimens 20RB4L exhibited increases of 5.9% and 4.5% in the yield and ultimate load
carrying capacities, respectively as compared to 20CC. However, the specimen 20RB4L
exhibited a slightly less yield load capacity (270 kN) than the control (virgin) beam
specimen (273 kN). Even though this specimen, 20RB4L could not fully reach the yield
load of the control specimen, it was able to restore and slightly exceed the ultimate load
capacity of the control specimen. This beam specimen failed at its ultimate capacity due to
rupture in the BFRP fabric when mid-span deflection was 42 mm. However, the loading
was continued until a mid-span deflection of about 70 mm was achieved. Since the BFRP
fabric ruptured at 42 mm deflection, this beam beyond this deflection behaved like the
control corrosion beam (20CC).
The specimen 20RB7L also had the same level of corrosion (20%), however, this specimen
was rehabilitated using seven layers of BFRP fabric. The objective was to study if the yield
load capacity of the rehabilitated beam could be restored to the level of the control (virgin)
beam using more BFRP fabric. As can be found in Figure 2.6, the yield and ultimate loads
of the 20RB7L specimen were 277 kN and 341 kN, respectively. Hence, the yield and
ultimate load capacities of this rehabilitated specimen were 7.1% and 9.3% higher than the
20CC specimen. As well, the yield load capacity of the specimen 20RB7L was same as the
yield load of the control (virgin) beam specimen and the ultimate load capacity was 4.9%
higher than the control (virgin) beam. Like rehabilitated specimen 20RB4L, this
rehabilitated beam (20RB7L) also failed due to rupture in the fabric, but at a higher
deflection of 47.6 mm. These results demonstrate that the yield and ultimate load capacities
of a steel beam with thickness loss of 20% in the bottom flange can be restored to the level
of an uncorroded virgin beam if a sufficient number of BFRP fabric layers is used in the
rehabilitation and if debonding of BFRP fabric can be avoided.
The elastic stiffness of the control (virgin) and 20CC specimens were found to be
35.4 kN/mm and 33 kN/mm, respectively. Hence, the reduction in stiffness in specimen
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20CC was 6.8% as shown in Table 2.2. The rehabilitated specimens 20RB4L and 20RB7L
exhibited elastic stiffness values of 35 kN/mm and 37 kN/mm, respectively. Hence, this
study found that the elastic stiffness of a 20% corroded beam can be almost restored using
four layers of BFRP and the elastic stiffness can exceed the control beam when seven layers
of BFRP fabric are used.
The load-deflection behaviours of the rehabilitated beams with 40% corrosion and the
control beam are shown in Figure 2.7. The yield loads of the control (virgin) and 40CC
specimens were 273 kN and 223 kN, respectively. The ultimate loads of the control and
40CC specimen were found to be 325 kN and 286 kN, respectively. The reduction in yield
and ultimate load capacities for 40CC as compared to the control specimen were 18.3%
and 12%, respectively, as shown in Table 2.3.
The 40RB7L specimen had same amount of corrosion (40%) as 40CC, and was
rehabilitated with seven layers of BFRP fabric. The yield and ultimate loads of this
specimen were 250 kN and 313 kN, respectively. Hence, the yield and ultimate load
capacities increased by 12.1% and 9.4%, respectively, as compared to the 40CC specimen.
This specimen failed to reach the yield load capacity of the control beam specimen
(273 kN). However, it exceeded the load capacity of the control beam in the deflection
range of 18 mm to 40 mm, and reached an ultimate load capacity (313 kN) close to the
control (virgin) specimen (325 kN). This specimen failed at a deflection of 40 mm, due to
the rupture of the BFRP.
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Figure 2.7 Load-deflection curves of beams with 40% corrosion defect

Table 2.3 Yield and ultimate loads of beams with 40% corrosion defect
Control

40CC

40RB7L

40RB10L

Py (kN)

273

223

250

260

Pu (kN)

325

313

340

Deflection at Yield (mm)

8.3

6.9

8.0

8.2

Elastic Stiffness (kN/mm)

35.4

31.5

34.5

35.4

Change in P y Compared to Control (%)

-

-18.3

-8.4

-4.8

Change in Pu Compared to Control (%)

-

-12.0

-3.7

+4.6

Change in Stiffness Compared to Control (%)

-

-11.0

-2.5

0.0

Change in P y Compared to 40CC (%)

N/A

-

+12.1

+16.6

Change in Pu Compared to 40CC (%)

N/A

-

+9.4

+18.9

Change in Stiffness Compared to 40CC (%)

N/A

-

+9.5

+12.4

286

*Py indicates yield load, Pu indicates ultimate load

Similar to 40RB7L, the specimen 40RB10L also had 40% thickness loss in the bottom
flange. This specimen was rehabilitated with ten layers of BFRP fabric. The objective was
to achieve a higher yield load capacity than 40RB7L. The yield and ultimate load capacities
of specimen 40RB10L were 260 kN and 340 kN, respectively, as shown in Table 2.3. The
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yield and ultimate load capacities of this specimen increased by 16.6% and 18.9%,
respectively, as compared to the 40CC specimen. The yield load capacity of 40RB10L
(260 kN) did not reach the yield load capacity of the control beam (273 kN). However, the
ultimate load capacity of 40RB10L exceeded the ultimate load capacity of the control beam
at a deflection of 14 mm and above until it failed. The specimen 40RB10L exhibited a
much higher ultimate load capacity (340 kN) than the control (virgin) specimen (325 kN).
The cause of failure for this specimen was BFRP fabric rupture, which occurred at a
deflection of 53.3 mm. Hence, the study found that the ultimate load capacity of a steel
beam with 40% corrosion can be restored to the level of a control (virgin) beam specimen.
With ten layers of BFRP fabric, the ultimate load capacity increased by 4.6% as compared
to the control (virgin) specimen. However, the study shows that the increase in the
thickness of BFRP fabric from seven to ten layers resulted in a small improvement (about
10 kN) in the yield load. Hence, the number of BFRP fabric layers needs to be increased
even further to be able to restore the yield load capacity to the level of an uncorroded virgin
beam.
The elastic stiffness of the control and 40CC specimens were found to be 35.4 kN/mm and
31.5 kN/mm, respectively. The reduction in elastic stiffness of specimen 40CC was 11 %,
as compared to the control specimen. The elastic stiffness of rehabilitated specimens
40RB7L and 40RB10L were found to be 34.5 kN/mm and 35.4 kN/mm, respectively,
which indicates the loss of elastic stiffness due to 40% corrosion in the flexural region, can
be fully restored using seven or more layers of BFRP fabrics.
Figure 2.8 shows strain distributions along the height of the beams at mid-span. The neutral
axes depths were calculated at a mid-span deflection of 30 mm. This deflection was chosen
to discuss the change in neutral axis depth in the plastic region, but before rupture has
occurred. The depth of neutral axes of the control and 40CC specimens were 80 mm and
65 mm, respectively. The depth of neutral axes of rehabilitated specimens 40RB7L and
40RB10L were 75.5 mm and 79.8 mm, respectively. The neutral axis depths of the
rehabilitated specimens were not fully restored to the level of the control (virgin) beam,
however, the effectiveness of the rehabilitation scheme can be found by the significant
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increase of neutral axes depths, as compared to the 40CC specimen. Similar behaviour was
also observed for the rehabilitated beams with 20% corrosion.

Figure 2.8 Neutral axes of rehabilitated beams with 40% corrosion

2.3.2 Ductility of rehabilitated beams
The ductility of rehabilitated specimens is compared to the control (virgin) and control
corrosion (CC) specimens. In this study, two different ductility measures were computed
using Equations 1 and 2 and the values are reported in Table 2.4. These are displacement
ductility (µ∆) and energy dissipation (µE) ratios as previously used by other researchers [23,
24].
𝜇∆ =

𝜇𝐸 =

∆𝑈

(1)

∆𝑌

𝐸𝑈
𝐸𝑌

∆

=

∫0 𝑈 𝑃(∆)𝑑∆

(2)

∆

∫0 𝑌 𝑃(∆)𝑑∆

In the above equations, ∆U is the deflection at ultimate load, ∆Y is the deflection at the yield
load, EU is the total energy dissipated at ultimate load, E Y is the total energy dissipated at
yield load, P is the load applied to the beam, and ∆ is the mid-span deflection of the beam.
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Table 2.4 Ductility of tested beams
Specimen

Deflection

Name

at Yield
Load

Deflection

Displacement

_____µ∆_____

___ µ∆___

Energy

_____µE_____

___µE___

at Ultimate

-Ductility

µ∆(CONTROL)

µ∆(CC)

Dissipation

µE(CONTROL)

µE(CC)

Load (mm)

Ratio (µ∆)

Ratio (µE)

(mm)

Control

8.3

65.7

7.9

1.00

NA

14.82

1.00

NA

20CC

7.7

59.0

7.6

0.96

1.00

14.11

0.95

1.00

40CC

6.9

49.0

7.1

0.89

1.00

14.00

0.94

1.00

20RB4L

8.3

42.0

5.0

0.63

0.65

8.34

0.56

0.59

20RB7L

8.5

47.6

5.6

0.70

0.73

11.33

0.76

0.80

40RB7L

8.0

40.0

5.0

0.63

0.70

9.70

0.65

0.69

40RB10L

8.2

53.3

6.5

0.82

0.91

12.70

0.86

0.91

As shown in Table 2.4, control (virgin) and 20CC specimens exhibited larger displacement
ductility and energy dissipation ratios than the 20% corrosion rehabilitated beams (20RB4L
and 20RB7L). Hence, the ductility of the 20% rehabilitated beams was not fully restored
to the level of a control (virgin) or 20CC specimen.

This reduction of ductility is

attributable to the brittle nature of BFRP.
The ultimate load capacity of 40CC occurred at a mid-span deflection of 48.5 mm, and the
load capacity dropped as the test continued, as shown in Figure 7. Hence, displacement
ductility and energy dissipation ratios for 40CC are lower, as compared to the control and
20CC specimen. The rehabilitated beam with 40% corrosion defect could not restore the
ductility to the level of a control (virgin) specimen. However, the ductility of specimen
40RB10L exceeded the ductility of the 40CC specimen, which indicates that a small
increase in ductility can possibly be achieved through rehabilitation using BFRP.
The current study found that the ductility of a corroded steel beam can be improved through
rehabilitation using BFRP fabrics and level of improvement in the ductility increases with
the increase in the number of BFRP fabric layers. However, it is difficult to restore the
ductility of a corroded beam to the level of a control (virgin) beam if rehabilitated using
BFRP fabric.
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2.3.3 Effectiveness of the rehabilitation technique
One of the main objectives of this study was to develop an effective technique for
rehabilitation of corroded steel beams. Debonding induced failure of a FRP rehabilitated
structure is not desired. Hence, two transverse layers of fabrics were used to tie the
longitudinal fabrics to the steel substrate to eliminate de-bonding failure (Figure 2.4). It
was obvious that the cross-wrap fabrics did not add considerable strength in the
longitudinal direction and hence, the role of these fabrics in strengthening of the corroded
beams is negligible. Strain data (Figure 2.5b for strain gauges S9-S12) obtained from the
fabric and steel substrate confirmed that debonding and/or slippage between steel substrate
and fabric did not occur. Figure 2.9 shows a typical load-strain curves which were obtained
from specimen, 40RB7L. As can be found from this figure, no noticeable difference
between the results of the longitudinal strain gauges occurred. It is noteworthy that in this
study, the failure mode of rehabilitated beams was due to rupture in BFRP fabrics as shown
in the Figure 2.10.

Figure 2.9 Load-strain curves for 40RB7L beam specimen
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b) Rupture in BFRP fabrics

a) Deformed specimen

Figure 2.10 Tested specimen
2.4 FE MODELING AND PARAMETRIC STUDY
Experimental techniques are the most reliable method of understanding the behaviour of
steel beams rehabilitated using BFRP fabrics. However, experimental techniques are
expensive and time consuming. Hence, numerical technique using finite element method
(FEM) was used to undertake a parametric study for determining the optimum thickness of
BFRP fabric needed for rehabilitation. The finite element (FE) model was developed using
commercially available FE software, ABAQUS (SIMULIA 2018) [25]. The steel beams
were modelled using C3D20R brick elements and the BFRP fabric was modelled using
SC8R continuum shell element. The properties for the BFRP composite fabric were based
on the coupon test results (Figure 2.3). The onset of damage in BFRP composite fabric was
detected using Hashin criteria [26]. In FE models, in order to simulate damage of BFRP
composite fabric, fracture energy (Gc) parameter was defined using the amount of work
(energy) needed to cause a complete damage in BFRP composite fabric (Equation 3). Since
the governed failure mechanism was the tensile fiber failure, this parameter was calculated
using the stress-strain curves of BFRP composite fabrics (Figure 2.3) and a characteristic
length, l* as proposed by Bažant and Oh [27] and as shown in the Equation 4.
Gc =

𝑙 ∗ . σ𝑢 . ε𝑢
2

√A

𝑙 ∗ = cos(𝜃)

(3)

(4)
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In the Equation 4, A is the area of the BFRP composite fabric in FE model and θ is the
angle between the mesh line and the crack direction which assumed to be zero (based on
the observed failure modes).
The optimum mesh size (10 mm) for the steel beam and BFRP was determined by
performing a mesh convergence study as shown in Figure 2.11. Figure 2.12 represents von
Mises stress distribution of a selected specimen at various deflection levels. In the FE
models, epoxy was not simulated in the model because debonding did not occur in any of
the rehabilitated beams as proved in the last part (Figure 2.9) and can be found in the crosssectional view of a rehabilitated beam shown in Figure 2.13. Hence, the BFRP was attached
to the beam using a tie constraint.

Figure 2.11 FE model of a specimen
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a) 10 mm deflection

b) 20 mm deflection

c) 30 mm deflection

d) 40 mm deflection (failure of fabric)

Figure 2.12 Von Mises stress distribution at various deflections of 40RB7L
specimen

Figure 2.13 Cross-section of rehabilitated beam
The load-deflection curves obtained from the tests and FE analyses are shown in
Figure 2.14. As can be found, the load-deflection behaviour of the FE models was very
similar to the experimental specimens. The FE models were also validated by comparing
the strain data obtained from the test and FE models. Figure 2.15 shows the comparison of
strain data (S1 in Figure 2.5) obtained from the test and FEM for the 40% corrosion
rehabilitated specimens. Similar strain behaviour was observed for the 20% corrosion
rehabilitated specimens. In general, a good correlation was obtained between the behaviour
of test specimens and FE models. The FE models developed and validated in this study
were then used for parametric study to develop design guidelines.
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Restoration of the yield load was a primary objective of this parametric study since under
service load a structural member is not expected to reach its yield load. Hence, the validated
FE model was used to determine the thickness of BFRP fabric required for restoring the
yield load of corroded beams to the level of a control (virgin) specimen. The acquired
numerical data was then curve-fit as shown in Figure 16, and the resulting equation
(Equation 5) was obtained. In the experimental study, a maximum of 10 layers of BFRP
was used for the 40RB10L specimen. This specimen could not restore the yield load to the
level of a control (virgin) specimen. From the FE analysis, it can be found that 15 layers
(6.75 mm) of BFRP fabric was needed to restore the yield load capacity (Figure 2.16).

Figure 2.14 Load-deflection behaviour of FE output and experiment results
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Figure 2.15 Strain comparison between experimental and model specimens
The results of the experimental study showed that the earliest rupture of BFRP fabric
occurred at a mid-span deflection of 40 mm (Figures 2.6 and 2.7). Hence, this deflection
limit was used as a conservative estimate of the BFRP rupture-induced failure for the
beams used in the numerical study. A parametric study was conducted to determine the
thickness of BFRP fabric required for restoring the load capacity of corroded steel
specimens to the level of a control (virgin) specimen at rupture (40 mm mid-span
deflection). A linear relationship was found as shown in Figure 2.17, and Equation 6.
T = 0.0001c3 – 0.0049c2 + 0.1939c

(5)

T = 0.0385c

(6)

T is the thickness of BFRP fabric required to rehabilitate the yield load in Equation 5 and
the rupture load in Equation 6, c is the percentage of corrosion of the beam. The maximum
corrosion in the FE analyses was set to 60% of the flange thickness, as the rehabilitation of
larger amounts of corrosion may not be practical.
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Figure 2.16 Thickness of BFRP fabric required for the rehabilitation of yield load
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Figure 2.17 Thickness of BFRP fabrics required for the rehabilitation of beams
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2.5 CONCLUSIONS
This paper presents a technique for the flexural rehabilitation of corroded steel beams using
BFRP fabric. Basalt fibre fabric is a new material which offers a higher ductility than the
carbon and glass fibre fabrics. Basalt fibre fabric is also a greener alternative and its cost
is about 1/5th of similar carbon fibre fabric. Based on the results of this study, the following
conclusions are made. However, these conclusions may be limited to the scope of the
current study.
1. The yield load, ultimate load, and elastic stiffness of a steel beam with 20%
corrosion in the bottom flange can be fully restored to the level of an uncorroded
(virgin) beam, if a sufficient thickness of BFRP fabric is used and if debonding is
avoided.
2. The ultimate load and elastic stiffness of a steel beam with 40% corrosion in the
bottom flange can also be fully restored to the level of an uncorroded (virgin)
beam. However, restoration of the yield load of these rehabilitated beams with
40% corrosion needs a large number of BFRP layers. The numerical study found
that for 40% corrosion, about 6.75 mm (15 layers of BFRP fabric) thick BFRP is
needed.
3. The effectiveness of the rehabilitation scheme was observed by the significant
improvement of the neutral axis depth of the rehabilitated specimens, as compared
to the corroded specimens.
4. The ductility of rehabilitated beams was found to be lower than the respective
control (virgin) beam specimens. However, the ductility of a rehabilitated
specimen increases with an increasing number of BFRP fabric layers.
5. Empirical design relationships are proposed and these relationships can be used to
determine the optimum thickness of BFRP fabric required for restoring the yield
load and BFRP rupture induced failure load. However, no safety factors are
considered in these equations.
6. The nonlinear FE model developed in this study was successful in modeling the
behaviour of the rehabilitated beam. The validated FE models were able to predict
the required number of BFRP fabrics for various levels of corrosion defect.
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CHAPTER 3
REHABILITATION OF DAMAGED STEEL BEAMS USING CFRP
3.1. INTRODUCTION
In recent decades, a large number of steel structures such as steel bridges, buildings, and
offshore structures have been faced with deteriorating parameters such as corrosion and
cracks. Hence, a need for efficient and innovative rehabilitation methods has been on the
rise. Conventional methods of rehabilitation and strengthening of steel structures including
attaching additional steel plates in the damaged areas have many drawbacks such as an
increase in the dead load, cost, and service interruption. One of the better rehabilitation
techniques is the use of light weight and high performance non-metallic materials such as
carbon fibre reinforced polymer (CFRP). CFRP has been widely used as a rehabilitating
material because of its high tensile strength, low weight, and excellent durability in
aggressive environments [1].
Carbon fibre reinforced polymers used in rehabilitation and strengthening applications are
mostly used in two different forms: prefabricated FRP laminate (plate) and wet lay-up FRP
(sheet). Several studies have been conducted to determine the feasibility of flexural
rehabilitation and strengthening of steel structures using CFRP plates [2, 3]. Bocciarelli et
al. [4] and Tsouvalis et al. [5] found various advantages of the use of CFRP plate in
rehabilitation of steel structures such as restoration of load capacity, and extension of
fatigue life. Rehabilitation of cracked steel beams with CFRP sheets was studied by Chen
and Das [6] and Manalo et al. [7]. These studies found a moderate increase in the elastic
stiffness of the rehabilitated beams.
Studies on different failure modes of rehabilitated structures with FPR plates were
undertaken by Hollaway and Cadei [8], Buyukozturk et al. [9], Kim and Brunell [10],
Narmashiri et al. [11] and Islam and Young [12]. These studies presented three possible
failure modes: de-bonding (failure in adhesion), rupture of FRP plate, and a combination
of adhesion failure and rupture of FRP plate. Similar studies concluded that the de-bonding
failure and FRP ruptures are the most common failure modes in steel structures
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rehabilitated with FRPs plates [13, 14]. Yu et al. [15] also proved that in rehabilitated steel
structures using FRP plates, de-bonding failure of plates can be delayed by using a strong
bond between the steel substrate and FRP plate, reducing the plate thickness and adhesive
thickness.
In addition to experimental studies, numerical studies using finite element (FE) method
were carried out by several researchers. Colombi and Poggi [16] developed a numerical
model for steel beams strengthened with CFRP plate. Linghoff and Al-Emrani [17] studied
interfacial stresses between steel substrate and CFRP plate using FE method. In addition,
structural behaviour of steel beams repaired and strengthened with CFRP plate was
investigated using FE method by Narmashiri et al. [18] and Awaludin and Sari [19].
Literature review found that several researches were conducted on rehabilitation of
damaged steel beams using CFRP plate (prefabricated laminate). However, only a few
studies were undertaken to determine the effectiveness of CFRP sheet (wet lay-up
technique) for the rehabilitation of damaged steel beams. Hence, this research was designed
and carefully carried out to investigate the effectiveness of flexural deficient steel beams
rehabilitated with CFRP sheets. The study was completed using both experimental tests
and detailed nonlinear FE analyses. For the FE models, rupture in the CFRP sheets was
successfully modelled in the current study.
3.2. EXPERIMENTAL PROGRAM
In the current study, the effectiveness of CFRP sheets for rehabilitation of damaged steel
beams was investigated by testing five damaged steel I-beams repaired with different
CFRP sheet thicknesses. In addition, three control beam specimens were tested. One of
them was a virgin (undamaged) steel beam and other two were damaged unrepaired steel
beams. All beam specimens were prepared and tested in the Structural Engineering
Laboratory at the University of Windsor.
3.2.1 Material
In this study, hot rolled wide flange steel beam W150 x 24 (CISC 2014) [20] was used for
making all beam specimens. Uniaxial tension tests according to ASTM E8/E8M-15a [21]
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were carried out on eight steel coupons to determine the material properties and the average
results are presented in Table 3.1. In this research, a unidirectional dry carbon fabric was
used to create CFRP sheets using for rehabilitation of the structurally deficient steel beams.
The material properties of dry carbon fabric are reported in Table 3.2. An epoxy primer
was used to obtain a tack-free steel substrate for damaged steel beams. An epoxy resin was
used for preparing wet lay-up CFRP sheets used for rehabilitation of damaged steel beams.
The mechanical properties of the epoxy primer and epoxy resin provided by the
manufacturer are reported in Table 3.3.
Table 3.1 Dimensional and mechanical properties of steel beam
Dimension of Steel Cross Section (mm)

Depth
160

Flange

Flange

Web

Width

Thickness

Thickness

102

10.2

6.6

Average

Average

Strain

Stress (MPa)

(mm/mm)

Fy

Fu

εy

εu

379

484

0.002

.37

Average

Poisson’s

E (GPa)

Ratio

205

0.3

Table 3.2 Properties of unidirectional dry carbon fabric
Fabric Weight (g/m2)

Fabric Thickness (mm)

227

0.26

Table 3.3 Mechanical properties of epoxy primer and epoxy resin
Epoxy Primer
Fy
(MPa)
35

E (GPa)
2.1

Epoxy Resin
εy (%)
1.8

Fy

Fu

εy

εu

E

Poisson’s

(MPa)

(MPa)

(%)

(%)

(GPa)

Ratio

54

55

2.5

3.5

3.1

0.4

Properties of the CFRP sheet (dry carbon fabric impregnated with epoxy resin) were
determined by conducting six coupon tests (Figure 3.1) in accordance with ASTM
D3039/D3039M-1[22]. The average modulus of elasticity, failure stress, and failure strain
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obtained from tension test were found to be 152 GPa, 1780 MPa, and 1.25%, respectively.
It is noteworthy that the calculation of stress was based on the nominal thickness of dry
carbon fabric.

Figure 3.1 Failure of CFRP coupon tests
Impregnation of fabric sheet1: Basalt sheet

3.2.2 Specimen preparation
All beam specimens were sandblasted to ensure a clean surface. Damage area in the bottom
flange of steel beams was introduced by machining an area of 100 mm long x 102 mm
wide in two different depth: 20% and 40% of the 10.2 mm depth. Figure 3.2 shows the
schematics of these two levels of deficiency.

(b) 40% Defect

(a) 20% Defect

Figure 3.2 Cutting area in the bottom flange of steel beam

The rehabilitation procedure began by applying a thin layer of epoxy primer on the steel
substrate. The epoxy was allowed to cure for about 24 hours. Then, the dry carbon fabric
was cut in proper lengths. These cut fabrics were impregnated with epoxy resin, which
were then attached to the bottom flange of steel beams in the longitudinal direction using
the wet lay-up method. Further, two cross-wrap fabrics were applied to avoid de-bonding
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between the steel and longitudinal fabrics. In preparing of the rehabilitated beams, the
whole impregnated sheets (CFRP sheets) was tied completely to the steel substrate and
extra epoxy or any trapped air released from the CFRP sheets.

A 20 mm gap between

these two cross-wrap allowed rehabilitated beams to be instrumented in mid-span. Figure
3.3 depicts a typical form of rehabilitation scheme. The rehabilitated beam specimens were
cured for seven days before any load application.

Figure 3.3 Typical rehabilitation scheme

3.2.3 Test matrix
A total of eight steel beam specimens were prepared and tested in this study as shown in
Table 3.4. The effect of two different levels of damages were studied at 20% and 40% of
the bottom flange thickness. A beam with 40% damage had a maximum loss of 40% in its
flange thickness. The naming of each specimens was done to indicate the primary attributes
of the specimen. The first two letters refer to the specimen type: CV for control virgin
specimen which had no defect, CD for control damaged specimens and these specimens
were not rehabilitated, and R for rehabilitated beam specimens (Table 3.4). The next
number indicates the percentage of damage: 20 for 20% damage and similarly 40 for 40%
damage. The next combination of letter and number indicates the number of layers of CFRP
sheets used if it is a rehabilitated beam specimen. Hence, as an example, specimen R-202L was a rehabilitated (R) beam specimen which had 20% thickness loss in its bottom
flange due to damage simulation (20) and the beam specimen was rehabilitated by two
layers of CFRP sheets (2L). As can be found from the Table 3.4, two 20% damaged beams
were repaired with 2 and 4 layers of CFRP sheets, and three 40% damaged beams were
repaired with 3, 5, and 7 layers of CFRP sheets (Table 3.4).

66

Table 3.4 Test matrix

Specimen

Specimen

Number

Name

1

CV-00

2

CD-20

3

CD-40

4

R-20-2L

5

R-20-4L

6

R-40-3L

7

R-40-5L

8

R-40-7L

Specimen Type

Control (virgin)
Control
Damaged
Control
Damaged
Rehabilitated
specimen
Rehabilitated
specimen
Rehabilitated
specimen
Rehabilitated
specimen
Rehabilitated
specimen

Percentage
of Damage

Number
of
Layers

Total
Thickness of
CFRP
Sheets(mm) *

0

0

0

20%

0

0

40%

0

0

20%

2

0.52

20%

4

1.04

40%

3

0.78

40%

5

1.30

40%

7

1.82

* Thickness of one layer of CFRP sheet is 0.26 mm, equals to dry carbon fabric
3.2.4 Test setup and instrumentation
Figure 3.4 shows the test setup used in this study. A four-point bending load was applied
to all beam specimens. Each beam specimen was 2000 mm long with a span length of
1500 mm. The load was applied by a universal loading actuator through a spreader beam
with a span length of 500 mm. A simply supported (pin-roller) boundary condition was
used for both the spreader beam and the steel beam specimen.
Five linear variable differential transducers (LVDT) were used for measuring the
deflections (Figure 3.4). Three of them were used to determine the deflections at one-third,
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half, and two-third of the span length of the main specimen. The fourth LVDT was used to
determine lateral (out-of-plane) displacement of the specimen (LVDT-OPT). The loading
actuator had its own LVDT which measured the vertical displacement of spreader beam.
The loading actuator also had its own loadcell which acquired the load data. In order to
obtain strain data, strain gauges were mounted on the 20 mm gap (between two cross-wrap
layers) on steel substrate as well as four longitudinal strain gages as shown in Figure 3.5.
Each beam specimen was loaded monotonically using the displacement control method.
All of the test data were collected through a data acquisition system connected to a desktop
computer.

(a) Photo

(b) Schematic
Figure 3.4 Test setup

(a) Strain gauges at mid-span

(b) Longitudinal strain gauges

Figure 3.5 Location of strain gauges

3.3 EXPERIMENTAL RESULTS AND DISCUSSION
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Each beam specimen was tested until the mid-span deflection reached about 70 mm since
the load capacity of the control virgin specimen (CV-00) began to drop at about 64 mm
mid-span deflection and the test setup became very unstable beyond 70 mm mid-span
deflection. Figure 3.6 shows a typical deformed shape of a beam specimen when the test
was discontinued. Various tests data were collected to determine the load carrying capacity,
ductility, and strain distribution of each specimen.

Figure 3.6 Final deformed shape of a beam specimen

3.3.1 Load-deflection behaviour
The load-deflection plots for all the specimens with 20% and 40% deficiency obtained
from the tests are shown in Figures 3.7 and 3.8, respectively. These plots used the midspan deflection obtained from LVDT-2 (Figure 3.4). Improvement of the load carrying
capacity, elastic stiffness, and ductility of a rehabilitated beam compared to the control
damaged beam specimen are important indicators for assessing the effectiveness of the
rehabilitation technique. The yield load was obtained when the strain value at the bottom
flange of the steel beam reached the yield strain (0.2%). The elastic stiffness was
determined from the initial linear section of the load-deflection curve. The ultimate load
capacity of a beam specimen is the maximum load that a beam could carry. The yield load,
ultimate load, and elastic stiffness for all beams are summarized in Table 3.5. The results
show that for a specimen with a 20% defect, two layers of CFRP sheets is not sufficient
for complete restoration of the yield and ultimate load capacities to the level of the virgin
specimen (CV-00). However, four layers of CFRP sheets resulted in capacities higher than
69

the virgin specimen. The results also show that two layers of CFRP sheets was enough to
completely restore the elastic stiffness of beam with 20% defect. As can be found from the
Table 3.5 and Figure 3.8, complete restoration of yield and ultimate load capacities for a
beam with a 40% defect required seven layers of CFRP sheets. However, five layers of
CFRP sheets successfully restored the elastic stiffness.

Figure 3.7 Load-deflection behaviors of beams with 20% defect

Figure 3.8 Load-deflection behaviors of beams with 40% defect
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Table 3.5 Comparison of load capacities and elastic stiffness of test specimens
Specimen

Yield Load (kN)

Ultimate Load (kN)

Stiffness (kN/mm)

CV-00

273

325

35.4

CD-20

255

312

34.0

CD-40

223

286

31.5

R-20-2L

270

321

35.5

R-20-4L

281

336

35.8

R-40-3L

240

298

34.1

R-40-5L

251

317

35.6

R-40-7L

275

339

35.9

A load-deflection curve for rehabilitated beams (R-XX-XX) can be separated into five
different idealized segments for the sake of discussion and determining the effectiveness
of the rehabilitation technique (Figure 3.8). These segments are the elastic part (part 1),
inelastic part until the load capacity drops suddenly (part 2), sudden drop in the load
capacity (part 3), followed by a slight increase in load (part 4), and the last segment (part
5) until the test was discontinued as shown schematically in the Figure 3.9. Part 1, which
is almost linear, is the elastic behaviour of the rehabilitated beam. The slope of this part is
called elastic stiffness for the sake of discussion. The steel at extreme fibres yields,
resulting in reduction in the slope in the load-deflection behaviour in part 2. This behaviour
continues until some or most of the CFRP sheets ruptures causing a sudden drop in the load
capacity (part 3). Since CFRP sheet is a brittle material, the rupture was sudden and violent
(Figure 3.10). The stresses redistribute and the load capacity increases slightly (part 4) and
the slope of the load-deflection curve of this part is less than the elastic stiffness (part 1).
The final part (part 5) shows the load-deflection behaviour which is similar to the
counterpart control damage specimen (CD-20 or CD-40).
This study found that there is a direct correlation between the deflection at CFRP’s rupture
point and total thickness of the CFRP sheets. Deflections at CFRP’s rupture point for R20-2L and R-20-4L beam specimens were 18 mm and 37 mm, respectively (Figure 3.7).
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Similarly, for specimens R-40-3L, R-40-5L and R-40-7L which had 40% defect, rupture
in CFRP sheets occurred at 23 mm, 30 mm, and 42 mm, respectively (Figure 3.8).

Figure 3.9 Idealized schematic of load-deflection curve of a rehabilitated beam

(a) Rupture of CFRP at mid-span (b) Tested specimen

(c) Cut piece of a specimen

Figure 3.10 Rupture of CFRP sheets

3.3.2 Ductility of rehabilitated beams
The ductility of rehabilitated steel beams was computed and compared with the ductility
of the virgin beam (CV-00) and the respective control damaged beam (CD-20 or CD-40).
The ductility indices were computed using two methods. The first method uses the ratio of
the deflection at the ultimate load (∆ U) to the deflection at the yield load (∆ Y) and the
resulted index is called the displacement ductility index (µ ∆), as shown in Equation 1. The
second method uses energy dissipated as shown in Equation 2, which was used by Yuan,
Pan, and Leung [23], and Tomlinson and Fam [24]. In Equation 2, P is the applied load on
the beam and EY and EU are the total energy dissipated at the yield and ultimate loads,
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respectively. The ductility indices determined using these two methods for all the test
specimens are reported in Table 3.6.
Displacement ductility index:

µ∆ =

Energy ductility index:

µ𝐸 =

∆U

(1)

∆Y

EU
EY

∆

=

∫0 U P(∆)d∆

(2)

∆

∫0 Y P(∆)d∆

Table 3.6 Ductility of test specimens
µΔ
ΔU
µ∆ µ
µE
Δ (Reference beam)

µE

Specimen

ΔY

CV-00

8.3

65.7

7.9

1.00

14.8

1.00

CD-20

7.7

59.0

7.7

0.97

14.7

0.99

CD-40

6.9

49.0

7.1

0.90

11.1

0.75

R-20-2L

7.9

18.2

2.3

0.29

4.1

0.28

R-20-4L

8.2

37.1

4.5

0.57

8.1

0.55

R-40-3L

7.4

22.4

3.0

0.38

5.8

0.39

R-40-5L

8.2

29.6

3.6

0.45

7.1

0.48

R-40-7L

8.3

42.3

5.1

0.64

9.5

0.64

µE (Reference beam)

As shown in Table 3.6, the virgin beam (CV-00) and two control damaged beams (CD-20
and CD-40) exhibited more displacement and energy ductility ratios (columns 5 and 7 in
Table 3.6) than the rehabilitated beams. This is expected since the rupture strain of CFRP
sheet is very low (1.75%). However, as the number of CFRP layers increased, both ductility
indices increased as well. For example, for beams with 40% defect, the displacement and
energy ductility indices improved by 70% and 64%, respectively when the number of
CFRP layers increased from 3 to 7. Similarly, for beams with 20% defect, the increase in
both indices was about 97% when the number of CFRP layers increased from 2 to 4. As
can be found from Table 3.6, an increase in the number of CFRP layers in a rehabilitated
beam resulted in an increase in the ductility of the beam. However, the ductility of a
rehabilitated beam never reached the level of ductility exhibited by virgin beam
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3.3.3 Strain analysis
The mid-span deflection versus strain relationships for all beam specimens were obtained
from the test data. Figure 3.11 shows a typical mid-span deflection vs. strain plot obtained
from the specimen R-20-4L. The strain data (based on the strain gages mounted on the steel
substrate) were used to determine the neutral axis depths at mid-span cross section. Figure
3.9 shows an idealized (schematic) load-deflection curve of a rehabilitated beam and this
curve consists of five different parts. The neutral axis depths presented in Table 3.7 were
calculated at various deflections corresponding to parts 1 and 2 of Figure 3.9. For example,
at the at mid-span deflection of 15 mm, depths of neutral axis of virgin beam (CV-00) and
control damaged beams (CD-20 and CD-40) were approximately 80 mm, 74 mm, and 64
mm, respectively. This table shows that for a beam with 20% defect, four layers of CFRP
were needed to completely restore the neutral axis depth to the level of the virgin beam.
Similarly, for beam specimens with 40% defect, seven layers of CFRP were required to
achieve complete restoration of the neutral axis depth.

Figure 3.11 Deflection-strain curves for specimen R-20-4L
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Table 3.7 Neutral axis depths (mm) for test specimens
Deflection

Specimen
CV-00

CD-20

CD-40

R-20-2L

R-20-4L

R-40-3L

R-40-5L

R-40-7L

5 mm

80

75.90

66.90

78.20

82.50

76.65

78.00

81.50

10 mm

80

73.80

63.90

78.30

85.10

76.70

78.10

83.20

15 mm

80

74.00

64.00

80.20

85.30

77.90

80.80

84.80

25 mm

80

75.20

65.20

N/A

86.00

N/A

81.50

85.17

35 mm

80

75.00

64.60

N/A

85.66

N/A

N/A

84.20

In order to determine the existence of any slippage of the CFRP sheets over the steel
substrate and/or any de-bonding in the adhesive zone, strain gages were installed on CFRP
and steel substrate at two separate sections located at 250 mm and 450 mm away from the
mid-span of the beam specimen (Figure 3.5b). The load-strain relationship for all beam
specimens were obtained from the test data. Figure 3.12 shows load-strain curves (until the
rupture point of CFRP sheets) obtained from the specimen R-20-4L. It can be concluded
that no de-bonding or any slippage occurred in the rehabilitated test specimens until the
rupture of CFRP sheets, if the results of strain gages located on steel substrate and on CFRP
are compared. Further, visual observation of small pieces cut from tested specimens also
showed that there was no de-bonding or slippage of CFRP sheets occurred in any
rehabilitated beam specimen (Figure 3.10c). Hence, de-bonding and/or slippage failures
were successfully prevented by using the rehabilitation technique used in the current study.

Figure 3.12 Load-strain curves for specimen R-20-4L
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3.4 NUMERICAL SIMULATION
An experimental method provides reliable data for understanding the behaviour of steel
structures rehabilitated with composite materials. However, experimental methods are
expensive and very time consuming. Further, all the test data required for the analysis of
the behaviour of a beam specimen cannot be obtained from a physical test specimen.
Hence, in this study, numerical approach using finite element (FE) method was also used.
FE models were developed using a commercial FE software, ABAQUS (SIMULIA 2016)
[25], and the models were validated using the test data obtained from the experimental
study.
3.4.1 Finite element model development
Non-linear FE models were developed for all the test specimens. In the FE models of
rehabilitated specimens, steel and CFRP sheets (for the subsequent discussions, CFRP
sheets as used in the current study, is called as CFRP composite lamina based on the
definition of software) were modeled in two parts. These two parts (steel and lamina) were
connected together by setting a surface to surface tie constraint. This was done because in
the tests, de-bonding or slippage between the CFRP sheets and steel substrate did not occur
in any rehabilitated beam specimen (Figures 3.10 and 3.12).
Elastic and plastic properties of steel material (Table 3.1) were used to define material
properties of the steel section in the FE model. The steel cross section was modeled using
C3D20R (20-node quadratic brick, reduced integration) element with a mesh size of 10
mm. In the FE models, SC8R continuum shell element was employed to simulate CFRP
sheets (lamina). This shell element has the geometry of a brick element but its kinematic
and constitutive behaviours are similar to a conventional shell element [26]. Hence, in the
current study, this shell element was used. Similar to the steel section, a mesh size of 10
mm was chosen for the lamina element.
Material properties of the lamina element can be assigned by defining the elastic and
damage properties of CFRP sheet. The elastic properties of a lamina include modulus of
elasticity in the longitudinal directions (E 1), Poisson’s ratio (ν12). The onset of damage of
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lamina was detected using the criteria proposed by Hashin [27]. This criteria consider four
damage initiation mechanisms including tensile fibre failure, compressive fibre failure,
tensile matrix failure, and compressive matrix failure as shown in the following equations.
The onset of damage in the lamina begins as soon as one of the following four criteria is
met.
Tensile fibre failure

2

σ

2

σ

( X11 ) + α ( 𝑆12 ) = {
𝑇

1

2

σ

no failure, x < 1
failure, x ≥ 1

no failure, x < 1
failure, x ≥ 1

Compressive fibre failure

( X11 ) = {

Tensile matrix failure

( Y22 ) + ( 𝑆12 ) = {

𝐶

2

σ

𝑇

1

2

σ

2

σ

2

σ

(4)

no failure, x < 1
failure, x ≥ 1
2

Y

(3)

(5)

σ

Compressive matrix failure ( 𝑆12 ) + ( 2𝑆22 ) + ((2𝑆𝐶 ) − 1) ( Y22 ) =
1

{

2

2

𝐶

no failure, x < 1
failure, x ≥ 1

(6)

In the above equations, the damage initiation properties are as follows:
XT: longitudinal tensile strength; XC: longitudinal compressive strength
YT: transverse tensile strength; YC: transverse compressive strength
S1: longitudinal shear strength; S2: transverse shear strength
σij: principal stress components for the lamina; α: the contribution of the shear stress to the
fiber tensile criteria.
Values of the fracture energy (G c) corresponding to different failure modes are to be
employed for understanding the evolution of damage in the lamina. These parameters
govern the crack growth in the composite material and are defined as the amount of work
(energy) needed to cause complete damage. Equivalent load (tension) versus equivalent
displacement curves need to be employed to calculate values of fracture energy. In this
study, CFRP sheets were attached to the bottom flange of damaged specimens. Hence, the
CFRP sheets were under tension while the beam specimen was subject to bending load.
77

Since, there was no debonding observed in the tests, the governed failure mechanism in
this study was tensile fibre failure. In the FE models, calculation of longitudinal tensile
fracture energy for lamina part was based on Equation 7 [28].
Gc =

𝑙 ∗ . σ𝑢 . ε𝑢
2

(7)

In Equation 7, σu and εu, are the stress and strain values at the failure initiation point of the
stress-strain curve respectively, and l* is the characteristic length of the lamina that can be
defined from the mesh size in the FE model. Literature review found several methods to
define this parameter (l*). Bažant and Oh [29] defined the characteristic length of a square
element as defined in Equation 8. In this equation, A is the area of the lamina part with one
integration point and θ is the angle of crack direction with respect to that area. In the FE
models of this study, θ was zero degree based on the failure modes of CFRP coupon tests
(Figure 3.1). Mechanical properties of CFRP lamina (based on the results of coupon tests)
and fraction energy parameters defined for each lamina thickness (input of FE models) are
summarized in Table 3.8.
√A

𝑙 ∗ = cos(𝜃)

(8)

Table 3.8. Mechanical properties and fraction energy parameters of CFRP lamina
E1
(GPa)
152

ν12

0.3

XT
(MPa)
1780

Gc

Gc

Gc

Gc

Gc

(kN/mm) (kN/mm) (kN/mm) (kN/mm) (kN/mm)
R-20-2L

R-20-4L

R-40-3L

R-40-5L

R-40-7L

0.091

0.098

0.094

0.102

0.110

Figure 3.13 shows the FE model of a deformed specimen and failure of CFRP lamina part.
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(a) Deformed specimen

(b) Failure of lamina part

Figure 3.13 FE model and failure of lamina part

3.4.2 Validation of finite element model
The load-deflection curves obtained from the FE analysis of the virgin and control damaged
specimens are shown in Figure 3.14. This figure showed a good correlation between the
behaviours of the test specimens and FE models.

Figure 3.14 Load-deflection behaviors of virgin and control damaged specimens

The load-deflection behaviours obtained from the tests and FE analyses of rehabilitated
beam specimens with 20% and 40% defects are presented in Figures 3.15 and 3.16,
respectively. Table 3.9 summarizes the errors (differences) of FE models for all specimens.
It can be concluded that a good correlation was obtained between the FE models and the
test specimen results.
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Figure 3.15 Load-deflection behaviors of Figure 3.16 Load-deflection behaviors of
rehabilitated beams with 40% defect
rehabilitated beams with 20% defect

Table 3.9 Comparison of FE results and experimental tests of beam specimens
Yield Load (kN)
Specimen

FE

Test

CV-00

282

273

CD-20

263

CD-40

Ultimate Load (kN)

Error

FE

Test

3.2

326

325

255

3.1

315

232

223

4.0

R-20-2L

276

270

R-20-4L

284

R-40-3L

Error

Elastic Stiffness (kN/mm)
Error

FE

Test

0.3

35.6

35.4

0.5

312

0.9

34.2

34.0

0.5

294

286

2.8

32.0

31.5

1.6

2.2

325

321

1.2

35.6

35.5

0.3

281

1.1

350

336

4.2

36.0

35.8

0.6

245

240

2.1

300

298

0.7

34.5

34.1

1.2

R-40-5L

255

251

1.6

325

317

2.5

37.9

37.2

1.9

R-40-7L

279

275

1.5

355

339

4.7

40.0

39.1

2.3

(%)

(%)

(%)

The validated FE models were used to predict the optimum number of CFRP layers
required for restoration of load capacities and elastic stiffness to the level of virgin beam.
Table 3.10 presents the summary of the key information of rehabilitation scheme for beam
specimens with various defects within the range of 20% to 50%.
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Table 3.10 Calculation of number of carbon layers needed for restoration of deficient
beams
Item

20%

30%

40%

50%

Damaged(1)

Damaged(2)

Damaged(1)

Damaged(2)

Yield Load (kN)

3 layers

5 layers

7 layers

11 layers

Ultimate Load (kN)

3 layers

5 layers

6 layers

10 layers

Elastic Stiffness (kN/mm)

2 layers

3 layers

4 layers

8 layers

(1)

Based on the numerical and experimental results (2) Based on the numerical results

3.5 CONCLUSIONS
The following conclusions are made based on the results obtained from this study. Hence,
these conclusions may be limited to the scope of this study.
1. CFRP sheet-based rehabilitation scheme used in this study was proven to be
effective. The debonding failure was successfully avoided.
2. The elastic stiffness, yield load, and ultimate load of flexurally deficient steel
beams can be fully restored to the level of virgin beam if the required number of
CFRP layers is applied.
3. Rehabilitation resulted in an improvement in neutral axis depth of the
rehabilitated beams. The study found that the neutral axis depth of a deficient
beam can be fully restored to the level of the virgin beam.
4. The ductility of a rehabilitated beam increases as the number the CFRP layers
increases. However, it is difficult to completely restore the ductility of a
rehabilitated beam to the level of virgin beam.
5. The FE model developed in this study was successful in modeling the rupture that
occurred in the CFRP sheets and the effect of the rupture in the behaviour of the
rehabilitated beam. The validated FE models were able to predict the required
number of CFRP layers for various levels of defect.
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CHAPTER 4
FLEXURAL REHABILITATION OF STEEL BEAM WITH CFRP AND BFRP
FABRICS- A COMPARATIVE STUDY
4.1 INTRODUCTION
A large number of existing bridges and parking garages in the USA and Canada are
considered structurally or functionally deficient. According to the last report of Federal
Highway Administration, there are nearly 56,000 structurally deficient bridges in the USA
[1]. In Canada, it is estimated that about one-third of highway bridges (approximately
75,000 bridges in total) have structural or functional deficiencies [2], which are mostly due
to various reasons including environmental attack, fatigue damage, and lack of appropriate
maintenance. Steel structure was used as the main components in many of these bridges.
The most significant deterioration in bridges and parking garages made of steel structures
is corrosion of flexural elements due to widespread use of deicing salts in the USA and
Canada. In addition, the elements of many bridges need to be strengthened or upgraded or
replaced to meet the future traffic needs. In most cases, cost of rehabilitation or
strengthening of deficient structures is far less than the replacement [3].
The traditional rehabilitation and strengthening method of steel structures involves in
attaching additional steel plates to the existing members by welding or bolting. The main
drawbacks of these methods are increase in the members’ self-weight, fatigue failure due
to stress concentration resulted from welding or drilling, reduction in the durability because
of the corrosion effects, and lesser adaptability of attached plates to fit the complex profiles.
Fiber reinforced polymer (FRP) materials are composite materials contain an epoxy matrix
and fiber polymer. These FRP materials are being widely used as alternative materials for
rehabilitation and strengthening of concrete structures. The beneficial characteristics of
FRP materials are high strength-to-weight ratio, corrosion resistance, and high fatigue
resistance [4]. Common FRP composite materials used in rehabilitation and strengthening
are Glass FRP (GFRP), Carbon FRP (CFRP), and Aramid FRP (AFRP). Several studies
have been conducted on strengthening and rehabilitation of steel beams using CFRP
composite materials. The major drawbacks of using CFRP for rehabilitation and
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strengthening of a steel structure are its brittle failure modes and possibility of the galvanic
corrosion. The cause for galvanic corrosion is the contact of an electrolyte (e.g. water) with
two metals having different electromechanical potentials. Hence, several researchers have
recommended using sufficient thickness of adhesive (e.g. epoxy resin) to avoid direct
contact between CFRP and steel substrate when steel structures rehabilitated with CFRP
composites [5,6].
Basalt FRP (BFRP) is a relatively new constructional material. Basalt fiber is made of
volcanic rock called Basalt. No additives are added during its production, hence, basalt
fiber products are green materials and environmental friendly if compared with carbon
fiber products. In addition, there is no concern of galvanic corrosion in steel structures
rehabilitated with BFRP fabrics since basalt is not a conductor material [7]. Further, the
cost of basalt fiber fabric is about 1/5th of the cost of similar carbon fiber fabric [8]. The
other advantages of BFRP materials are fire resistance, significant capability of acoustic
insulation, and immunity to chemical environments [9].
Previous research on strengthening and rehabilitation of steel structures focused on the
application of adhesive bonded FRP fabrics (sheets) and plates (laminates). One of the
earlier researches on rehabilitation of damaged steel girders using CFRP was undertaken
by Gillespie et al. [10]. In this study, full-scale bridge girders were rehabilitated with
various repair schemes. The study concluded that the replacement cost for that bridge
girders was significantly higher than the cost of the rehabilitation. Flexural upgrading of
steel-concrete composite girders using CFRP sheets was numerically studied by Kabir and
Eshaghian [11]. The study found that load carrying capacities of the strengthened girders
significantly increased. In a similar study, enhancement in the flexural capacity of
composite steel bridges using GFRP fabric sheets was experimentally concluded [12].
Other studies were undertaken to determine the feasibility of rehabilitation of steel
structures using CFRP plates [13-16]. These studies found various advantages of using
CFRP plate in rehabilitation of steel structures such as restoration of load capacity,
extension of fatigue life, and reduction in crack propagation. Literature review found that
only two previous studies were undertaken using CFRP fabrics (sheets) for rehabilitation
of steel structures [17,18]. These studies found a moderate increase in the elastic stiffness
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of the rehabilitated beams. Hence, more studies on rehabilitation and strengthening of steel
structures using CFRP fabrics are required. Numerical studies using finite element (FE)
methods were performed in other studies and the structural behavior of steel beams repaired
and strengthened with CFRP plate were modeled [19-22].
BFRP material is a relatively new in the construction industry as compare to CFRP
material. Only a limited number of researches on the application of BFRP fabrics for
rehabilitation of concrete beams has been conducted. These studies found that concrete
beams strengthened with BFRP fabric experienced higher yield and ultimate load
capacities as compare to the original beams [23-26].
Hence, the literature review found that several researches were carried out on strengthening
and/or rehabilitation of steel beams using CFRP plate, however, only two previous studies
were undertaken to determine the effectiveness of CFRP fabrics in strengthening or
rehabilitation of steel structural members. BFRP fabric is a relatively new material and
only a limited studies on the application of this fabric for rehabilitation of concrete beams
have been conducted. However, no studies were undertaken to study the feasibility of using
BFRP fabric for the strengthening or rehabilitation of steel structural members. Hence, the
current research was designed and carried out to determine the performance of steel beams
strengthened and rehabilitated using BFRP fabric and compare with the performance of
same steel beams strengthened and rehabilitated using similar CFRP fabric. Several of
these beams had corrosion damage in the flexural tension zone. The study was completed
using both lab-based experimental study and a detailed numerical study using nonlinear FE
analysis method.
4.2 EXPERIMENTAL PROGRAM
A total of eight steel beams were tested to determine the effectiveness of BFRP fabricbased strengthening and rehabilitation of virgin (undamaged) and corroded steel beams and
to compare the performance with the performance of same steel beams strengthened and
rehabilitated using similar CFRP fabric. All steel beam specimens were prepared and tested
in the Structural Engineering Laboratory at the University of Windsor. Material tests on
CFRP composite, BFRP composite, and steel beam were completed as well.
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4.2.1 Material properties
Standard hot rolled W150x24, I-section beam was used for making the test specimens [27].
Uniaxial tensile in accordance with ASTM specifications were performed on coupons (cut
from the flanges and web) to determine the material properties [28]. Table 4.1 presents the
dimension of steel cross section and the mechanical properties of steel beam. In this study,
unidirectional carbon and basalt fabrics were used for strengthening and rehabilitation of
steel beam specimens. The properties of dry fabrics provided by the manufacturers are
summarized in Table 4.2. In preparation of steel specimens, an epoxy primer was applied
to get a tack-free steel substrate and an epoxy resin was used for impregnation of dry
fabrics. The mechanical properties of epoxies provided by the manufacturers are reported
in Table 4.2.
Table 4.1 Dimensions and mechanical properties of steel beam

Metric
Designation

W150x100x24

Depth

Width

(mm)

(mm)

160

102

Flange

Web

Fy

Fu

εy

εu

E

thickness

thickness

(MPa)

(MPa)

(%)

(%)

(GPa)

(mm)

(mm)

10.2

6.6

379

484

0.2

3.7

205

Table 4.2 Properties of epoxies and unidirectional dry fabrics
Epoxy primer
Fy

E

(MPa)

(GPa)

35

2.1

Epoxy resin
εy (%)

1.8

Fy
(MPa)
54

E(GPa)

3.1

Carbon dry fabric
εy

(%)

2.5

Basalt dry fabric

Thickness

Weight

Thickness

Weight

(mm)

(gm/m2)

(mm)

(gm/m2)

0.26

227

0.45

280

The properties of the fabric provided by the manufacturers are for dry fabric. In this
research, tensile properties of CFRP and BFRP fabrics were determined by performing
tension tests in accordance with ASTM specifications [29]. A total of six coupon tests for
each composite type were conducted and the average stress-strain curves were determined
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as shown in Figure 4.1. The modulus of elasticity, failure stress, and failure strain of CFRP
fabric were found to be 152 GPa, 1780 MPa, and 1.20% respectively. The modulus of
elasticity of BFRP fabric was found to be 25 GPa, while the failure stress and failure strain
were found to be 570 MPa and 2.5%, respectively.

Figure 4.1 Stress-strain curves of CFRP and BFRP composite
fabrics
One of the important factors in determining the performance of FRP fabric is its failure
mode. In order to describe damage characteristics and failure mode of each composite
fabric, all coupon specimens were photographed (Figure 4.2) and their failure modes were
determined based on the standard three-part mode of failure described in the standard [29].
This study found that the failure modes of BFRP coupons were different from the failure
modes of CFRP coupons. Most of the BFRP specimens failed in SGM mode (long splitting
fractures in the middle area), and some of them failed in AGM mode (fractures goes from
one side to the other side in the middle area) as shown in the Figure 4.2a, while the
dominant failure mode for CFRP specimens were LVV which indicates lateral failure
occurred across the width of specimen at various location of the specimen (Figure 4.2b).
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b) BFRP composite coupons

b) CFRP composite coupons

Figure 4.2 Tested composite coupons
4.2.2 Specimen preparation and test matrix
A total of eight steel beam specimens as shown in Table 4.3 were prepared and tested in
this research. Two beam specimens were designed as control virgin (CV) and control
corrosion (CC) specimens. The control virgin beam (CV) was an un-corroded steel beam
specimen and hence, it did not have any defect. The control corrosion specimen (CC) had
a corrosion defect at the bottom flange. The corrosion defect was introduced at the midspan of the beam specimen by machining an area of 100 mm long x 102 mm wide. The
loss of flange thickness due to corrosion was 40% as shown in Figure 4.3.
The naming of rehabilitated specimens was done based on the number of composite fabric
layers used for rehabilitation of corroded specimen (Table 4.3). For example, the specimen
RH-7C indicates the corroded specimen rehabilitated (RH) with 7 layers of CFRP
composite fabric (7C). Likewise, the naming of strengthened specimens was based on the
number of composite fabric layers used for strengthening of the specimen. For example,
the specimen ST-7B indicates the un-corroded beam strengthened (ST) with 7 layers of
BFRP composite fabric (7B).
All beam specimens were sandblasted to achieve a clean surface and enhance the bond
behavior of steel substrate in contact with composite fabrics. The preparation process of
rehabilitated and strengthened specimens started with the application of a thin layer of
epoxy primer on the steel surface. The primer was allowed to cure in room temperature for
about 24 hours. The next step was cutting unidirectional dry fabrics (carbon and basalt) in
proper lengths. Then, the cut dry fabrics were impregnated using the epoxy resin and
attached to the bottom flange of the steel specimens in the longitudinal direction. In order
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to avoid any de-bonding between the steel substrate and FRP composite fabrics, cross-wrap
fabrics were applied on the specimens. Then the beam specimens were allowed to cure for
seven days before testing. Figures 4.4a and 4.4b present typical schemes used for
rehabilitated and strengthened beams, respectively.
Table 4.3 Test matrix

Specimen
name

CV
CC

RH-7C

RH-10B

ST-2C

ST-4C

ST-4B

ST-7B

Specimen type

Control virgin
Control
corrosion
Rehabilitated
specimen
Rehabilitated
specimen
Strengthened
specimen
Strengthened
specimen
Strengthened
specimen
Strengthened
specimen

Percentage
of corrosion

Type of
composite
fabric

Number of

Thickness of

composite

one layer of

fabric

composite

layers

fabric(mm)

Total
thickness of
composite
fabric
layers(mm)

N/A

N/A

N/A

N/A

N/A

40%

N/A

N/A

N/A

N/A

40%

Carbon

7

0.26

1.82

40%

Basalt

10

0.45

4.50

N/A

Carbon

2

0.26

0.52

N/A

Carbon

4

0.26

1.04

N/A

Basalt

4

0.45

1.80

N/A

Basalt

7

0.45

3.15

Figure 4.3 Corrosion in the bottom flange of steel specimen
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a) Rehabilitation scheme

b) Strengthening scheme

Figure 4.4 A typical form of rehabilitation and strengthening scheme

4.2.3 Test setup and instrumentation
Four-point bending load was applied to all specimens as shown in Figure 4.5 to determine
the structural behavior of the beam specimens. Each beam specimen was 2000 long with a
span length of 1500 mm. The load was applied monotonically by a universal loading
actuator through a loading (spreader) beam with a span length of 500 mm (Figure 4.5). For
both test specimen and loading beam, a simply support (pin-roller) boundary condition was
used. Three linear variable differential transducers (LVDT) were mounted to measure the
deflections at one-third, half, and two-thirds of span length. Lateral (out-of-plane)
displacement of the beam specimen was monitored through another LVDT to ensure safety
during the loading process. The loading actuator had an attached loadcell to acquire the
load data. Each beam specimen was instrumented by strain gauges at mid-span as shown
in the Figure 4.6a and at two different locations away from the mid-span (Figure 4.6b). All
the test data were collected through a computerized data acquisition system connected to a
desktop computer.

a) Photo of test setup

b) Schematic of test setup

Figure 4.5 Four-point bending test setup
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Figure 4.6 Location of strain gauges
4.3 RESULTS AND DISCUSSION
The first specimen tested in this study was the control virgin specimen, CV (Table 4.3).
For this specimen, loading continued until the specimen experienced the mid-span
deflection of about 70 mm. The load capacity began to drop beyond mid-span deflection
of about 64 mm deflection and the test setup at this stage appeared unsafe. Hence, the
loading was discontinued at mid-span deflection of 70 mm. Since the control virgin
specimen (CV) is the reference specimen, loading for other specimens was discontinued at
the mid-span deflection of about 70 mm. Various parameters including load-carrying
capacity, elastic stiffness, displacement ductility ratio, strain distribution over the height of
the cross section at mid-span, and failure modes were analyzed to study the effectiveness
of rehabilitation and strengthening technique.
4.3.1 Load-deflection relationship and elastic stiffness
The most important parameters in determining the effectiveness of rehabilitation and
strengthening technique are the improvement in the load carrying capacities and increase
in the elastic stiffness of the rehabilitated and strengthened beams as compare to the
deficient or control corrosion (CC) beam. The load vs. mid-span deflection plots for all
beam specimens obtained from the tests are presented in Figures 4.7 to 4.9. The results of
specimens rehabilitated with CFRP and BFRP fabrics are shown in the Figure 4.7. Figures
4.8 and 4.9 present the results of specimens strengthened with CFRP and BFRP fabrics,
respectively. In addition, in these figures, the results of control virgin (CV) specimen and
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control corrosion (CC) specimen (40% corrosion defect) are shown for comparison. Table
4.4 summarizes the yield load, ultimate load, and elastic stiffness for all beam specimens.
The value of yield load was determined when the strain value at the bottom flange of steel
specimen reached 0.002 (0.02%). The ultimate load is the maximum load capacity that a
beam specimen could carry during the test. The elastic stiffness was determined using the
slope of the initial linear part of the load vs. mid-span deflection plot.
As can be found from the Figure 4.7 and Table 4.4, for the beam specimen with 40%
corrosion defect, seven layers of CFRP fabric (RH-7C) are sufficient to restore its
capacities and stiffness to the level of the control virgin specimen (CV). Test data (Table
4.4 and Figure 4.7) also shows that use of ten layers of BFRP fabric (RH-10B) is sufficient
to restore the ultimate load capacity of the corroded beam to the level of control virgin
beam (CV). However, the yield load capacity of the rehabilitated beam with 10 layers of
BFRP fabric was slightly (4.7%) less than the yield capacity of the control virgin specimen.
In addition, both rehabilitated beams (RH-7C and RH-10B) successfully restored the
elastic stiffness to the level of control virgin specimen (CV). Thus, the study found that the
requirement of number if BFRP fabric layer for rehabilitation of the corroded beam is about
1.5 times the number of CFRP fabric.
The test data obtained from the strengthened beams show that at least 4 layers of CFRP
fabric (ST-4C) and 7 layers of BFRP fabric (ST-7B) are needed to obtain a noticeable
increase in the ultimate load capacity of the beam specimen (Table 4.4 and Figures 4.8 and
4.9). Performance of these two strengthened beams (ST-4C and ST-7B) were similar.
Hence, the study found that for flexural strengthening of a steel beam, the requirement of
BFRP fabric is about 1.75 times of the CFRP fabric. Further, the use of 2 layers of CFRP
fabric (ST-2C) and 4 layers of BFRP fabric (ST-4B) provided a similar improvement in
the yield load and elastic stiffness (Table 4.4 and Figures 4.8 and 4.9) and such
improvement is significant for bridge application where live load induced deflections are
strictly limited. However, these two strengthened beams (ST-2C and ST-4B) did not
exhibit any increase in the ultimate load capacity. Thus, the study found that the
requirement of number of BFRP fabric layer is about twice of the CFRP fabric if
improvements in the yield load and elastic stiffness are needed.
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Comparison of results of strengthened and rehabilitated steel beams shows that both CFRP
and BFRP fabrics are effective in increasing the ultimate load capacity, yield load capacity,
and elastic stiffness of steel beams. Though a higher number of BFRP fabric layers is
required as compare to the number of CFRP fabric layers to achieve a similar improvement
in the load carrying capacities and elastic stiffness of steel beams, it can be concluded that
the BFRP fabric is a competitive alternative to CFRP fabric since basalt fabric is an
environmental friendly material and it is much cheaper than carbon fabric. Cost of a basalt
fabric is about 1/5th of a similar carbon fabric.

Figure 4.7 Load deflection curves of rehabilitated beam specimens

Figure 4.8 Load deflection curves of strengthened beams with CFRP fabric
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Figure 4.9 Load deflection curves of strengthened beams with BFRP fabric
Table 4.4 Structural properties of beam specimens
*PY

*PU

**Change

**Change

**Change

(kN)

(kN)

of PY (%)

of PU (%)

of E (%)

CV

273

325

35.4

N/A

N/A

N/A

CC

223

286

31.5

-18.0

-12.0

-11.0

RH-7C

275

339

35.9

+0.7

+4.3

+1.4

RH-10B

260

340

35.4

-4.7

+4.6

0.0

ST-2C

287

325

36.4

+5.1

0.0

+2.8

ST-4C

293

341

36.9

+7.2

+4.9

+4.2

ST-4B

286

325

35.5

+4.8

0.0

+0.2

ST-7B

291

351

36.3

+6.6

+8.0

+2.5

Specimen

*E (kN/mm)

* PY indicates yield load, PU indicates ultimate load, and E indicates elastic stiffness
** Change in values compared to control (virgin) specimen
4.3.2 Displacement ductility ratio
Displacement ductility ratio was calculated for all beam specimens and compared with
ductility ratio of control virgin beam to determine the effect of BFRP and CFRP fabrics on
ductility of the beam specimens (Table 4.5). The displacement ductility ratio considered in
this study is similar to that used by previous researchers [30] and defined as follows.
µ∆ =

∆U
∆Y
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(1)

In Equation 1, ∆U and ∆Y are mid-span displacements at ultimate and yield loads of the
beam specimen, respectively. Table 4.5 summarizes the values of displacement ductility
ratio for all beam specimens.
Table 4.5 Displacement ductility ratios of beam specimens
µΔ

∆Y

∆U

µ∆

CV

8.3

65.7

7.9

1.00

CC

6.9

49.0

7.1

0.90

RH-7C

8.3

42.3

5.1

0.64

RH-10B

8.2

53.3

6.5

0.83

ST-2C

8.5

26.0

3.0

0.37

ST-4C

8.6

42.0

4.9

0.62

ST-4B

7.9

45.0

5.7

0.72

ST-7B

8.5

52.0

6.1

0.77

Specimen

µΔ (Control virgin)

As can be found from the Table 4.5, the control virgin (CV) and control corrosion (CC)
specimens exhibited more displacement ductility than the rehabilitated and strengthened
beam specimens. The study shows that use of CFRP fabric resulted in a much lower
ductility as compare to BFRP fabric. For example, the ductility ratio of rehabilitated
specimen RH-10B is about 30% higher than the ductility ratio of specimen RH-7C. The
ductility ratio of strengthened specimen ST-4B is about 94% higher than the strengthened
specimen ST-2C. The reason for lesser ductility in beams rehabilitated or strengthened by
CFRP fabric is due to the fact that the fracture strain of CFRP composite is about 40% less
than that of the BFRP composite (Figure 4.1). Further, this study shows that the ductility
of a steel beam rehabilitated and strengthened using BFRP fabric can be further improved
by increasing the number of the FRP fabric layers.
4.3.3 Strain analysis
Effectiveness of rehabilitation and strengthening technique used in this study was also
measured by determining the strain distribution along the height of the beam specimens at
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mid-span. Figure 4.6a shows the position of strain gages installed at mid-span cross section
of a beam specimen where the maximum stresses and strains are expected to occur. For all
beam specimens, neutral axis depth was calculated at two various stress levels: at yield
moment and at past-yield moment. Figure 4.10 compares the strain distributions of the
rehabilitated and strengthened beams with the control virgin beam (CV) and control
corrosion beam (CC). Table 4.6 presents the neutral axis depths for all beam specimens
obtained from the tests.
For the control virgin beam (CV), the neutral axis depth is located at the mid height of the
beam cross section as shown in the Figure 4.10 and Table 4.6. For the control corroded
beam (CC), the neutral axis moved upward to the top flange, due to the section area reduced
from the bottom flange and hence, the neutral axis depth is less than the neutral axis depth
of the control virgin beam. However, the neutral axis depth moved downward when CFRP
or BFRP fabric are attached to the bottom flange. Table 4.6 shows that for the beam with
40% corrosion defect, seven layers of CFRP fabric or ten layers of BFRP fabric are enough
to restore the neutral axis depth at yield moment to the level of control virgin beam. In the
plastic region, the neutral axis depth for all retrofitted beams were restored.

Figure 4.10 Strengthening and rehabilitation concept based on strain diagram at
mid-span
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Table 4.6 Neutral axes depth (mm) for all beam specimens
Specimen

Yield moment

Plastic region

CV

80.0

80.0

CC

66.9

64.0

RH-7C

81.5

84.6

RH-10B

79.8

81.4

ST-2C

83.0

85.4

ST-4C

86.9

87.3

ST-4B

81.5

82.5

ST-7B

85.0

86.3

4.3.4 Failure mode
Failure mode of a steel beam, strengthened and rehabilitated with FRP fabric, under flexure
loading can be either de-bonding (adhesion failure), delamination (separation of individual
FRP fabric), splitting (cracking in FRP strips in the longitudinal direction) or rupture of
FRP strips (rupture of FRP strips in the transverse direction) as described by Narmashiri et
al. [31]. In the current study, lap-shear adhesion tests were carried out on sixteen specimens
in accordance with ASTM specifications to measure the bonding characteristics of
adhesive used for attaching composite fabrics to the steel substrate [32]. The results showed
that the dominant failure mode in FRP-FRP coupons was tear in composite fabric at
maximum load of about 5 kN, while the privilege failure mode of FRP-metal coupons was
failure in adhesive layer at maximum load of about 1 kN (Figure 4.11). Hence, it was
anticipated that the dominant failure mode of strengthened and rehabilitated specimens
used in this study would be de-bonding (in the adhesive layer between fabrics and the steel
substrate) and/or rupture of composite fabrics.
Existence of de-bonding in adhesive layer or any slippage of longitudinal fabric over the
steel substrate could be recognized by comparison of the longitudinal strain gages results
installed on the fabric and steel substrate. As shown in the Figure 4.6b, two strain gauges
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were installed at 250 mm away from the beam mid-span (S8 and S9 were installed on fabric
and steel substrate, respectively) and two strain gages were installed at 450 mm away from
the beam mid-span (S10 and S11 were installed on fabric and steel substrate, respectively)
.The load-strain curves obtained from the strain gauges for all beam specimens show that
no de-bonding or slippage of fabrics occurred during the tests. Figure 4.12 shows a typical
load-strain curves which were obtained from the specimen ST-4B. As can be found from
Figure 4.12, no noticeable difference can be observed between the results of strain gauges
installed on fabric and steel substrate. Hence, the effectiveness of rehabilitation and
strengthening technique used in the current study in prevention of de-bonding can be
concluded.
The load-deflection curves (Figures 4.7 to 4.9) of all rehabilitated and strengthened
specimens show a similar pattern: restoring the load in the elastic region and also in the
plastic region, sudden drop in load capacity in the plastic region, attaining load capacity
again until reaching to the level of load-deflection curve of control virgin in strengthened
specimens or reaching to the control corrosion specimen’s load-deflection curve in
rehabilitated specimens. In this study, for all rehabilitated and strengthened beam
specimens, rupture of fabrics at mid-span was observed as the failure mode. Figure 4.13
depicts a typical form of a failed beam specimen and its formation of fabric rupture.
As can be found from the Figures 4.7 to 4.9, drop in the load capacity was sudden and
violent and this pattern is attributed to the brittle behavior of fabrics. Comparison of loaddeflection curves shows that for strengthened and rehabilitated specimens with CFRP
fabric, the drop in load capacity was more catastrophic than the specimens strengthened
and rehabilitated with BFRP fabric (Figure 4.13). This behavior is also attributed to the
failure modes of composite fabrics (Figure 4.2). Hence, this study found that strengthening
and rehabilitation of steel beams with BFRP fabric is advantageous over CFRP fabric.
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a) FRP to metal specimen

b) FRP to FRP specimen

Figure 4.11 Failure types of lap shear coupon specimens

Figure 4.12 Load-strain curves for ST-4B beam specimen

a) Rupture of CFRP fabrics

b) Rupture of BFRP fabrics

Figure 4.13 Rupture of fabrics at mid-span of beam specimen
4.4 NUMERICAL ANALYSIS
In this study, non-linear finite element (FE) models were developed for all beam specimens
using a commercially available software [33], and the models were validated using the test
data. For strengthened and rehabilitated beam specimens, steel and composite fabric were
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modeled in two parts. Material properties of steel part defined in the Table 4.1, and an
appropriate element, C3D20R (20-node quadratic brick, reduced integration), was selected
to define steel part in the FE models. SC8R continuum shell element with a mesh size of
10 mm was employed to simulate composite fabric. The properties assigned to the
composite fabric part were based on the coupon test results (Figure 4.1). The onset of
damage in the composite fabric was detected using Hashin criteria [34]. These criteria
consider four damage initiation including tensile fiber failure, compressive fiber failure,
tensile matrix failure, and compressive matrix failure. Since, in the beam specimens,
composite fabrics were attached to the bottom flange of the beam specimens, hence, the
fabrics were under tension while a specimen was subject to bending load and as a result,
the failure mechanism for the composite fabrics was tensile rupture failure in the fiber
(Hashin criteria). In FE models, to simulate damage of fabric part, fracture energy (Gc)
parameter was defined as the amount of work (energy) needed to cause a complete damage
in fabric part (Equation 2). Since the governed failure mechanism was tensile fiber failure,
for all strengthened and rehabilitated models, this parameter was calculated using the
stress-strain curves of fabrics (Figure 4.1) and a characteristic length, l* as proposed by
Maimi et al. [35] in Equation 3.
Gc =

𝑙 ∗ . σ𝑢 . ε𝑢
2

(2)

𝑙 ∗ = 1.12√A

(3)

In Equation 3, A is the area of the fabric element part in FE model. Tensile properties of
CFRP and BFRP composite lamina defined in the FE models are summarized in Table 4.7.
Table 4.7 Tensile properties of CFRP and BFRP composite lamina
E CFRP

E BFRP

XTCFRP

XTBFRP

εy CFRP

εy BFRP

(GPa)

(GPa)

(MPa)

(MPa)

(%)

(%)

152

25

1780

570

1.2

2.5
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The load-deflection curves obtained from the non-linear FE analyses of all beam specimens
are presented in Figures 4.14 to 4.17. As can be found, a good correlation between the
behaviors of the test specimens and the FE models was achieved.

Figure 4.14 Load-deflection curves of control (virgin) and control corrosion beam

Figure 4.15 Load-deflection curves of rehabilitated beams
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Figure 4.16 Load-deflection curves of beams strengthened with CFRP composite
fabric

Figure 4.17 Load-deflection curves of beams strengthened with BFRP composite
fabric

Tests data showed that the yield capacity of the corroded beam rehabilitated using 10 layers
of BFRP fabric was about 4.7% less than the yield capacity of the control virgin beam
specimen (CV). The FE analysis showed that the corroded beam needed 11 layers of BFRP
fabric for restoring the yield capacity to the level of control virgin beam (CV). Thus, use
of 11 layers of BFRP fabric and use of 7 layers of CFRP fabric resulted in similar
improvement in strength. Hence, the FE analysis found that requirement of BFRP fabric
for rehabilitation of the corroded steel beam was about 1.6 times the requirement of CFRP
fabric. The FE analysis also showed that ductility of corroded beams rehabilitated with 15
layers of BFRP fabric was similar to the ductility of control corrosion beam (CC).
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4.5 CONCLUSIONS
The conclusions are made based on the results obtained from this study and hence, these
conclusions may be limited to the scope of the current study.
The study found that both CFRP and BFRP fabrics can be successfully used for
strengthening and rehabilitation of flexural steel beams. BFRP fabric has less stiffness than
the CFRP fabric and hence, thickness of BFRP fabric required to achieve a target strength
is about 1.5 to 2.0 times higher than the CFRP fabric. However, the cost of BFRP fabric is
about 1/5th the CFRP fabric and hence, total cost of rehabilitation and strengthening of steel
beams using BFRP fabric will be less than the total cost of rehabilitation and strengthening
of steel beams using CFRP fabric. Further, strengthening and rehabilitation of steel beams
using BFRP fabric offers a green alternative. Rehabilitation and strengthening of steel
beams using BFRP fabric also offers a ductility which is 24-94% higher than same steel
beams rehabilitated and strengthened using CFRP fabric of similar thickness. The FE
analysis confirmed that the ductility of corroded steel beam rehabilitated with 15 layers of
BFRP fabric will be same as the ductility of control corrosion beam. Thus, this study
concludes that the BFRP fabric offers a competitive and green alternative for flexural
strengthening and rehabilitation of steel beams with or without corrosion defect in the
tension flange. Nonetheless, the authors recommend further research on strengthening and
rehabilitation of steel structures with various damages using BFRP fabrics.
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CHAPTER 5
REHABILITATION OF SHEAR DEFICIENT STEEL BEAMS USING BFRP
FABRICS
5.1 INTRODUCTION
An increasing large number of structural elements such as steel beams, steel girders and
chords used in the bridges, road decks, parking garages and etc., suffer from external forces
(road salts, free/thaw cycles and etc.) that, unaddressed may lead to the structural
deficiency of these structures over a prolonged period of time. In the interest of public
safety, and with less money available for new structure design and construction, it is the
writer’s position that many of these failing structures can be rehabilitated to the original
design parameters. One of the most common and of significant concern is the noted
deterioration of steel beams; especially the corrosion of the web section. This as noted, can
be attributed to that could be due to various environmental attacks such as winter salt spray,
and ineffective maintenance. One currently applied method of rehabilitation for a corroded
steel beam is the attachment (welded to web section) of an additional steel plate to the
affected area to replenish the loss of thickness. However, this rehabilitation method has
many drawbacks such as: a dead load increase, potentially high repair cost, and additional
residual stress. A better rehabilitation method to repair corroded steel beams is through the
use of Fibre Reinforced Polymer (FRP) materials. FRP is a composite material consisting
of two parts - the matrix (continuous phase) and the fiber (discontinuous phase). The
beneficial characteristics of FRP materials are high strength-to-weight ratio, corrosion
resistance, and high fatigue resistance [1]. These materials are mostly applied using a
technique to apply prefabricated FRP laminate plates or wet lay-up FRP fabrics.
Commonly used FRP materials used for rehabilitation of structures include glass FRP
(GFRP), carbon FRP (CFRP).
To date, several studies on rehabilitation of steel beams using CFRP have been completed.
The flexural rehabilitation of corroded steel beams with applied CFRP fabrics was studied
by Chen and Das [2], and Manalo et al. [3]. These studies found a moderate increase in the
elastic stiffness of the rehabilitated beams. Selvaraj and Madhavan [4] studied C-channel
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steel beams externally bonded with CFRP fabrics. The testing concluded that there was an
improvement in failure modes from lateral torsional buckling to yielding, as well as
improvement of flexural capacity of the rehabilitated beams. Patnaik et al. [5] further
studied the flexural and shear strengthening of steel girders using CFRP plates. This study
concluded that the attachment of CFRP plates to the web area of the girders could increase
the shear strength of the steel girders. El-Sayed et al. [6] studied shear behavior of
undamaged steel I-beams strengthened with CFRP plates. The study found that the use of
CFRP plates in the diagonal direction on both faces of the web increased the shear load
capacity while it decreased the deformation of the beams. Ulger and Okeil [7] studied thinwalled undamaged steel beams retrofitted with bonded biaxial CFRP fabrics. This study
found an increase in shear strength and load capacity of the retrofitted beams as compared
to non-retrofitted beams. The effect of using CFRP (plates) strips on a single surface of the
web and then on both faces of the web and related shear capacity of the steel beams was
studied by Rigi and Narmashiri [8]. The study found that placing the CFRP strips
diagonally on both faces of the web saw significant improvement in shear. The beam
reinforced with vertical strip was notably lower.
Literature review found that several studies had been carried out on rehabilitation of steel
beams using carbon fibre reinforced polymer (CFRP). One of the drawbacks of using
CFRP is the possibility of galvanic corrosion. Hence, many researchers have recommended
using a sufficient thickness of an adhesive (e.g. epoxy resin) to avoid direct contact
between carbon fabric and the steel substrate in CFRP rehabilitated steel structures [9, 10].
Basalt fabric is a relatively new material to the construction industry. This fabric is made
of Basalt (volcanic) rock and no additives are used during the manufacturing process,
hence, this product in the case of fabric, is a green material. It is more environmentally
friendly compared to carbon fabric as it is a petroleum-based product. Further, there is no
concern of galvanic corrosion in steel beams rehabilitated with BFRP [11]. In addition, the
cost of basalt fabric is approximately 20% of the cost when compared to carbon fabric [12].
Some other advantages of basalt fabric include are: high heat resistance (14000 C), excellent
acoustic properties, non-conductive, resistant to acids/alkalis [13].
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Past research has been conducted on the rehabilitation of reinforced concrete (RC) beams
using BFRP fabric. Sim et al. [14] investigated the characteristics of basalt fabric used in
strengthening of concrete beams. The strengthened RC beams exhibited increase in yield
and ultimate strengths up to 27% depending on the number of BFRP layers. Chandran and
Muthuramu [15] studied flexural behavior of RC beams that were rehabilitated with
unidirectional and biaxial basalt fabrics. Their study found an enhancement in the flexural
behavior of BFRP strengthened RC beams compared to the reference (unrepaired) RC
beam. Similar studies were completed by He and Dong [16] and Wang et al [17]. In these
research works, considerable improvement was observed in load-deformation behaviour of
RC beams when strengthened with BFRP fabrics.
This literature review found that much research had been undertaken relating to
rehabilitation of RC beams and BFRP fabric as the repair agent. Several studies were also
completed to determine the effectiveness of CFRP for flexural rehabilitation of steel beam.
Limited studies were available as it relates to the feasibility of shear strengthening of
undamaged steel beam with CFRP fabric. However, this extensive literature review did not
identify any research on BFRP rehabilitation of steel beams suffering from corrosion
damage to the web. Therefore, the current research was designed and carried out to
investigate the feasibility and effectiveness of BFRP rehabilitation of shear deficient steel
beams where deficiency in shear capacity has resulted due to the thickness (section) loss
to the web. This study was completed using both experimental tests and nonlinear FE
analyses.
5.2 EXPERIMENTAL PROGRAM
In this study, unidirectional BFRP fabrics were used to rehabilitate steel beams with
reduced web thickness.
5.2.1 Materials
For this study, the Wide Flange (WF) shape of steel section with designation of W150 x 24
[18] was used for all specimens. The uniaxial tension tests were performed on eight steel
coupons in accordance with ASTM E8/E8M-15a [19], to determine the mechanical
properties of the sections and the average values obtained from the tests are shown in Table
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5.1. A unidirectional basalt (untreated) fabric (Figure 5.1) was used for rehabilitation of
the web corroded steel beams. The specifications of basalt (untreated) fabric provided by
the manufacturer is further denoted in Table 5.2. A primer was applied to the repair section
of the beam to insure the steel surface was tack free. An epoxy resin was impregnated into
the basalt (untreated) fabric.

Table 5.1 Dimensional and mechanical properties of steel beam
Dimension of steel cross section
(mm)
Depth

160

Flange

Flange

Web

width

thickness

thickness

102

10.2

6.6

Stress (MPa)

Strain (%)

Fy

Fu

εy

εu

379

484

0.2

3.0

E

Poisson’

(GPa)

s Ratio

205

0.3

Table 5.2 Properties of unidirectional basalt dry fabric
Fabric type

Fabric weight (g/m2)

UD-280-13-60

280

Fabric thickness
(mm)
0.45

Properties of the BFRP composite fabric (untreated basalt fabric impregnated with epoxy
resin) were determined by conducting various coupon tests (6 coupons for each test) in
accordance with ASTM standards [20-22]. The average results of ultimate strength,
modulus of elasticity and failure strain of BFRP composite fabric are summarized in Table
5.3.
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Figure 5.1 Unidirectional basalt fabric
Impregnation of fabric sheet1: Basalt sheet

Table 5.3 Properties of BFRP composite fabric
Average

Property

Orientation

Tensile strength (MPa)

Longitudinal direction

570

D-3039

Tensile modulus (GPa)

Main direction

25

D-3039

Tensile elongation (%)

Main direction

2.5

D-3039

Compressive strength (MPa)

Main direction

350

D-695

Compressive modulus (GPa)

Main direction

20

D-695

Tensile strength (MPa)

Transverse direction

45

D-3039

Tensile modulus (GPa)

Transverse direction

8

D-3039

Tensile elongation (%)

Transverse direction

0.55

D-3039

Compressive strength (MPa)

Transverse direction

200

D-695

Compressive modulus (GPa)

Transverse direction

14

D-695

In plane shear strength (MPa)

45°

80

D-3518

In plane shear modulus (GPa)

45°

7

D-3518

value

ASTM Standard

5.2.2 Specimen preparation
In order to simulate corrosion in a beam, an area of 275 mm long x 100 mm wide was
machined on both faces of the web area on the right side (shear span) of the beam as shown
in Figure 5.2. The maximum depth of the corrosion on each face of the web was 1.65 mm
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as shown in Figure 5.2(a). The maximum depth of the web corrosion was 3.3 mm or 50%
of total web thickness.

(a) Cross section

(b) Side view of the beam

Figure 5.2 Simulation of corrosion by machining an area of the web

All beam specimens were sandblasted to ensure a textured, but clean surface to insure an
effective bond. The rehabilitation procedure began by applying a thin layer of primer on
the steel substrate. The rehabilitated beams were allowed to cure for approximately 24
hours at room temperature. Next, the dry (untreated) basalt fabrics were cut to length. These
pre-cut sections of fabric were impregnated with epoxy resin, then applied to all beams in
this study as shown in Figure 5.3. This technique is known as wet lay-up. A roller and
plastic applicator tool were used to apply pressure against the epoxy impregnated BFRP to
ensure a uniform bond to the steel beam and remove air bubbles that may have been trapped
during the wet lay-up phase. These rehabilitated beam specimens were left to cure in the
lab for seven days. Figure 5.3 depicts details of rehabilitation scheme.

Figure 5.3 Typical rehabilitation scheme
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5.2.3 Test matrix
A total of seven steel beam specimens were prepared and tested in this study as shown in
Table 5.4. Two beam specimens did not receive any rehabilitative measures. These two
beams were considered to be the control (virgin) (CV) and control corrosion specimens
(CC). For the rehabilitated beams, two orientations of the BFRP fabric attachment was
used. A horizontal placement for one and vertical pattern for the other as shown in the
Figure 4. In the horizontal pattern, the basalt fabric was oriented in a longitudinal direction
of the beam or at 0°. For the vertical pattern, the basalt fabric was oriented at 90° with
respect to the longitudinal axis of the beam. The horizontal (0°) rehabilitation consisting
of the two corroded beams were repaired with 6 and 12 BFRP fabric layers. These
specimens were labelled as R6BH and R12BH, respectively (Table 5.4). For the remaining
three beams to undergo rehabilitation, the BFRP fabric layers were oriented in the vertical
direction (90°). The number of BFRP fabric layers varied to 6 to 12 and to 18. These
specimens were labelled as R6BV, R12BV and R18BV, respectively (Table 5.4).
Table 5.4 Test matrix
No.

Specimen name

Specimen type

Orientation of
Basalt fabric

Number of
BFRP
layers*

1

CV

Control (virgin)

N/A

N/A

2

CC

Control corrosion

N/A

N/A

3

R6BH

Rehabilitated specimen

Horizontal

6

4

R12BH

Rehabilitated specimen

Horizontal

12

5

R6BV

Rehabilitated specimen

Vertical

6

6

R12BV

Rehabilitated specimen

Vertical

12

7

R18BV

Rehabilitated specimen

Vertical

18

* Thickness of one layer of BFRP fabric is 0.45 mm
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Figure 5.4 Alignment of BFRP layers

5.2.4 Test setup and instrumentation
Figures 5.5(a) and 5.5(b) show the testing configuration (photograph of setup and
schematic drawing) used for this study. Each beam specimen was 1500 mm long. However,
the span was only 1200 mm in order to ensure that each beam would fail in shear. A quasistatic four-point bending load was applied to all beam specimens. The load was applied by
a universal loading actuator through a spreader beam that had a span length of 800 mm. A
simply supported (pin-roller) boundary condition was used for all the beam specimens.
Four Linear Variable Differential Transducers (LVDT) were used to measure the deflection
(Figure 5.5). Three of these LVDTs were used to determine the deflection at the midpoint
of the span and at 400 mm away from both sides of the midpoint of the span. The fourth
LVDT was used to determine lateral (out-of-plane) displacement of the specimen (LVDTOPT). The loading actuator had its own load-cell which allowed the load data to be
collected. In order to obtain strain data, eight strain gauges were mounted on the beams as
shown in the Figure 5.6. In order to obtain the deformations and strains in the rehabilitated
area, the digital image correlation (DIC) technique was used. Each beam specimen was
loaded monotonically using a displacement control method. All the test data was collected
through the data acquisition system which was uploaded to a desktop computer located
adjacent to the test rig.
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(b) Schematic

(a) Photo
Figure 5.5 Test setup

Figure 5.6 Positions of strain gauges

5.3 EXPERIMENTAL RESULTS AND DISCUSSION
Each beam specimen was tested until the load capacity of the specimen began to drop.
Figure 5.7(b) shows the typical deformed shape of a beam specimen when the test rig (ram)
was returned to the home position. Various test data was collected to determine the loaddeflection response and the strain distribution of each specimen.

a) Deformed shape

b) Failure area

Figure 5.7 Deformed shape of a beam specimen
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5.3.1 Load-deflection behaviour
The load-deflection behaviour for all specimens obtained from the tests are shown in
Figures 5.8 and 5.9. Figure 5.8 shows the load-deflection behaviour of beams where fabric
orientation was horizontal (0°). Figure 5.9 shows the load-deflection behaviour for the
other rehabilitation scheme where basalt fabrics were oriented in the vertical direction
(90°). These figures used the mid-span deflection obtained from LVDT-2 (Figure 5.5).
Improvement in the yield load (PY), ultimate load (PU), elastic stiffness, and deflection at
yield load and ultimate load are important indicators for assessing the feasibility and
effectiveness of this rehabilitation technique. The yield load is the maximum load of the
linear portion of the load-deflection graph, while the elastic stiffness is the slope of the
initial linear section of the load-deflection curve. The ultimate load capacity of a specimen
is the maximum load that a beam can carry. The parameters for all beams are summarized
in Table 5.5.

Figure 5.8 Load-deflection behaviors of beams rehabilitated with horizontal pattern
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Figure 5.9 Load-deflection behaviors of beams rehabilitated with vertical pattern
Table 5.5 Comparison of load capacities and elastic stiffness of test specimens
Parameter

CV

CC

R6BH

R12BH

R6BV

R12BV

R18BV

PY (kN)

560

420

470

500

485

510

550

PU (kN)

685

586

627

638

646

665

683

Deflection at PY (mm)

6.10

4.80

5.30

5.50

5.35

5.60

6.10

Deflection at PU (mm)

18.1

12.7

12.9

13.1

14.4

16.6

17.8

Elastic stiffness (kN/mm)

91.8

87.5

88.6

90.9

90.6

91

91.6

Change in PY compared to CV (%)

N/A

-25

-16

-10.7

-13.4

-8.9

-1.7

Change in PU compared to CV (%)

N/A

-14

-8.5

-6.8

-5.7

-2.9

~0

N/A

-21.3

-13.1

-9.8

-12.3

-8.2

-1.6

N/A

-29.8

-28.7

-27.6

-20.4

-8.2

-1.6

N/A

-4.6

-3.3

-0.97

-1.25

-0.8

~0

Change in deflection at PY compared
to CV (%)
Change in deflection at PU compared
to CV (%)
Change in stiffness compared to CV
(%)

Specimen R18BV was rehabilitated with 18 layers (9 layers on each face of the web) of
BFRP fabric. This specimen exhibited performance similar to the control virgin specimen
(CV). Hence, the experimental results show that for a specimen with 50% loss of thickness
in the web (CC), eighteen layers of BFRP fabrics (9 layers in each face of the web) laid in
a vertical pattern are enough for an effective restoration of the stiffness, yield and ultimate
load capacities to the level of the control (virgin) specimen (CV). Deflections at yield and
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ultimate load capacities for the R18BV specimen were also similar to the respective
deflections for the CV specimen. In addition, there is a direct correlation between the
improvement of the abovementioned parameters and the number of layers applied for both
patterns during rehabilitation. The improvement in these key parameters for R12BH
specimen is higher than the specimen R6BH; and similarly, the R18BV specimen
experienced higher improvements in these parameters than did the R12BV and R6BV
specimens.
5.3.2 Strain analysis
In this study, and for all the beam specimens, strain analysis was undertaken using the
strain data obtained from the strain gauges. The load-strain curves for several specimens
are shown in Figures 5.10 and 5.11. In addition, a non-contact optical method also known
as DIC, was used to determine the strain map in the repaired area of the rehabilitated beams.
Using the DIC method, a series of clear and high-resolution photographs are required to
obtain an accurate strain map. For this study, a 14 mega pixel digital camera was used to
capture photos of the entire repaired area during the entire test. The digital camera was
fixed in position (same height of the repaired area and close enough to the specimen) by
using an adjustable tripod. The digital camera was connected to a computer and all digital
images captured from the specimen were recorded simultaneously. A commercially
available computer software program was used to correlate all images and provide the
strain map of the repaired area. Figures 5.12 to 5.14 illustrate the strain maps obtained for
the R18BV specimen.
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Figure 5.10 Load-strain curves for CC and CV specimens

Figure 5.11 Load-strain for R12BV, R12BH and R18BV specimens
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Figure 5.12 Strain map for R18BV specimen (X direction)

Figure 5.13 Strain map for R18BV specimen (45° direction)
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Figure 5.14 Strain map for R18BV specimen (Y direction)

The strain data obtained through the DIC technique was validated using strain data obtained
from the strain gauges. This was done by configuring a virtual extensometer exactly at the
same location of the strain gauge. The study found that the strain data obtained from both
methods were similar. For example, the strain data for the R18BV specimen obtained from
the strain gauges are shown in Figure 5.11. The maximum strain at the position of S5
(location as shown in the Figure 5.6) was found to be 0.01 (Figure 5.11). While local strain
in this position obtained from the DIC technique was found to be 0.017, as shown in the
Figure 5.13 (45° direction). As can be found from the Figures 10 to 14, the maximum strain
for all the beam specimens are shear strain in the web (45° orientation).
5.3.3 Failure mode
Figure 5.15 shows the failure mode for the control (virgin) specimen. As can be found in
this figure, the web plate was stocky enough and hence, the failure was due to the rotation
of the top flange and the web plate. Thus, the failure mode for this specimen is flange local
buckling [23].
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Figure 5.15 Failure behavior of CV specimen

The failure and resultant deformed shape of the control corrosion beam specimen (CC) is
depicted in Figure 5.16. As can be seen in the image, localized buckling of the web
occurred in the corroded section of the web (Figure 5.16(b)). The corroded section of the
web was relatively thin due to the loss of web thickness and the beam’s web buckled
diagonally due to the high shear stress that existed in the corroded area. As a result, the
failure mode can be defined as web local buckling [23].
It is noteworthy that for all the rehabilitated specimens, except for R18BV, the failure mode
was identified and attributed to web local buckling. Below, in Figure 5.17 the failure mode
for the R12BV specimen is presented. Figure 5.18 shows that the failure mode for the
R18BV specimen was flange local buckling and it was similar to the failure mode exhibited
by the control virgin specimen (CV). However, the flange local buckling in specimen
R18BV occurred nearer to the other support of the beam (left side). There was no damage
noted in, or around the rehabilitated area. Therefore, it was concluded that eighteen layers
of BFRP fabric applied in a vertical direction prevented a failure in the rehabilitated area.
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a) Un-deformed CC specimen

b) Corroded
specimen

area

in

deformed

Figure 5.16 Structural behavior of CC specimen

b) Un-deformed specimen

b) Deformed specimen

c) Side view of deformed shape
Figure 5.17 Structural behavior of R12BV specimen
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a) Deformed specimen

b) Side view

Figure 5.18 Structural behavior of R18BV specimen

A comparison of the behaviour of rehabilitated beams with BFRP fabric oriented in the
horizontal direction with the behaviour of beams rehabilitated with BFRP fabric oriented
in the vertical direction shows that the orientation of the BFRP fabrics plays an important
role in the rehabilitation of the corroded beam specimens. Test results confirm that vertical
BFRP rehabilitated specimens exhibited a higher ultimate strength compared to the
ultimate strength exhibited by horizontal BFRP rehabilitated specimens. However, the
differences in yield strength of these two beams are negligible. This strength difference is
primarily due to the difference in mechanical properties of BFRP fabric in the longitudinal
and transverse directions as presented in the Table 5.3. As noted in Table 5.3, the tensile
modulus and strength of BFRP in the longitudinal direction (vertical pattern of
rehabilitation) are much higher than the tensile properties in the transverse direction
(horizontal pattern of rehabilitation), yet the differences in compression properties of BFRP
in these two directions are not significant. Additionally, the shear properties in the two
directions are similar. The failure behavior noted for the control corrosion beam specimen
(CC) showed that the corroded area is subjected to combined shear and compressive stress.
However, at a higher load, local plate buckling occurred in the corroded area of the web.
The beam failed due to local buckling (Figure 5.16b). At this stage, tensile stress in addition
to the compressive and shear stresses is introduced. Thus, the basalt fabric oriented in the
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vertical direction performs better than the basalt fabrics oriented in the horizontal direction
at higher loads (see Figures 5.8 and 5.9).
5.4 NUMERICAL SIMULATION
The experimental method provides reliable data for understanding the structural behaviour
of steel structures rehabilitated using BFRP fabrics. However, these experimental tests are
expensive and time consuming. For this study, numerical approach using finite element
(FE) method was used for better understanding the behaviour of test specimens and for
undertaking a parametric study. The FE modeling and parametric study was undertaken
using a commercially available software program, ABAQUS [24].
5.4.1 Development of finite element model
Non-linear FE models were developed for all the beam specimens and the FE models were
validated using the test data. In the FE models of rehabilitated specimens, steel and BFRP
fabrics (hereafter it will be referred to as BFRP lamina - based on the definition of
ABAQUS software [24]) were modeled in two parts. These two parts (steel and lamina)
were connected by a surface-to-surface tie constraint. Material properties of steel part were
defined based on the data presented in Table 5.1. The steel portion was modeled using
C3D20R (20-node quadratic brick, reduced integration) element with a mesh size of 10
mm. In the FE models, SC8R (continuum shell element) was used to simulate BFRP
lamina. The shell element has the geometry of a brick element however its kinematic and
constitutive behaviours are like a conventional shell element [25]. Similar to the steel
section, a mesh size of 10 mm was chosen for the lamina element.
Material properties for the lamina element were assigned by defining the elastic and failure
properties of BFRP composite fabric. The elastic properties of a lamina including modulus
of elasticity in the longitudinal and transverse directions (E1 and E2, respectively),
Poisson’s ratio (ν12) and shear modulus were defined in the Table 5.3. The onset of failure
of lamina was detected using the criteria proposed by Hashin [26]. These criteria
considered four failure initiation mechanisms including: tensile fibre failure, compressive
fibre failure, tensile matrix failure, and compressive matrix failure as presented in the
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following equations. The onset of failure in the lamina begins as soon as one of the
following four criteria is met.
2

σ

2

σ

Tensile fibre failure

( X11 ) + α ( 𝑆12 ) = {

Compressive fibre failure

( X11 ) = {

Tensile matrix failure

( Y22 ) + ( 𝑆12 ) = {

𝑇

1

2

σ

𝐶

2

σ

no failure, x < 1
failure, x ≥ 1

no failure, x < 1
failure, x ≥ 1
2

σ

𝑇

1

no failure, x < 1
failure, x ≥ 1

(1)

(2)

(3)

Compressive matrix failure
2

σ

2

σ

2

Y

σ

( 𝑆12 ) + (2𝑆22 ) + ((2𝑆𝐶 ) − 1) ( Y22 ) = {
1

2

2

𝐶

no failure, x < 1
failure, x ≥ 1

(4)

In these equations, the failure initiation properties are as follows:
XT: longitudinal tensile strength; XC: longitudinal compressive strength
YT: transverse tensile strength; YC: transverse compressive strength
S1: longitudinal shear strength; S2: transverse shear strength
σij: principal stress components for the lamina; α: the contribution of the shear stress to the
fiber tensile criteria (by default equals to 1).
Values of the fracture energy (Gc) corresponding to different failure modes are used for
simulating the evolution of failure in the lamina. The parameters are defined as the amount
of work (energy) needed to cause complete failure. In the FE models, calculation of fracture
energy values for lamina part was based on Equation 5 [27].
Gc =

𝑙 ∗ . σ𝑢 . ε𝑢
2

(5)

In Equation 5, σu and εu, are the stress and strain values at the failure initiation point of the
stress-strain curve respectively, and l* is the characteristic length of the lamina part that
can be defined from the mesh size in the FE model. Literature review found several
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methods to define this parameter (l*). Bažant and Oh [28] defined the characteristic length
of a square element as explained in the Equation 6. In this equation, A is the area of the
lamina part with one integration point and θ is the angle between the mesh line along which
the crack (failure) advances and the crack direction. In the current study, for an unknown
direction of failure propagation, Equation 7 as defined by Maimi et al., [29] was used.
√A

𝑙 ∗ = cos(𝜃)

(6)

𝑙 ∗ = 1.12√A

(7)

Figure 5.19 shows the FE model of a selective specimen and failure of BFRP lamina part.

a) Deformed shape of R12BV specimen

b) Failure of BFRP lamina

Figure 5.19 FE model of a rehabilitated specimen
5.4.2 Validation of finite element model and parametric study
The load-deflection curves obtained from the FE analyses of the control (virgin) (CV) and
control corrosion (CC) specimens are shown in Figure 5.20. The load-deflection curves
obtained from the FE analyses of the rehabilitated specimens are compared with the loaddeflection curves obtained from the experimental tests in Figures 5.21 and 5.22. These
graphs suggest a validity of the results of the experimental tests and FE models.

131

Figure 5.20 Load-deflection behaviors of CV and CC specimens (FE vs.
Experimental)

Figure 5.21 Load-deflection behaviors of 90° BFRP rehabilitated specimens (FE
vs. Experimental)
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Figure 5.22 Load-deflection behaviors of 0° BFRP rehabilitated specimens (FE vs.
Experimental)

The FE models developed and validated in this study were used for parametric study.
Restoration of the ultimate load was the primary objective of the rehabilitation of the shear
deficient beam specimens. The validated FE model was used to determine the optimum
thickness (optimum number of BFRP layer) and the best orientation of BFRP fabric
required for restoring the ultimate load capacity of a corroded (shear deficient) beam (with
a same dimension of corrosion) to the level of a control (virgin) specimen. Next, a
regression analysis (curve fitting) was used to find the best-fit line for the acquired
numerical data as shown in Figure 5.23. The thickness of BFRP fabrics was calculated
according to its orientation, and the BFRP orientation was determined based on the degree
of the main direction (of the unidirectional basalt fabric) with respect to the horizontal axis.
For example, zero degree (0°) means the direction of the fibers of the BFRP fabric are
horizontal (they run along the length of the beam) and ninety degree (90°) means that the
fibers are oriented in the vertical direction or at 90° with the longitudinal axis of the beam.
In this experimental study, 18 layers of BFRP fabrics (thickness of one layer is 0.45 mm)
with vertical orientation was found to be sufficient for restoration of the ultimate load of
the rehabilitated specimen to the level of the control (virgin) specimen. From the data
acquired through the regression analysis (Figure 5.23), it can be concluded that 14 layers
of BFRP fabrics (thickness of 6.6 mm) at an orientation of 45° is optimum for restoring the
ultimate load capacity of the steel beam with 50% corrosion (section loss) to the web.
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However, using BFRP in 45° is not a practical solution for shear rehabilitation of deficient
steel beams and hence the proposed orientation is just for an academic purpose.

Figure 5.23. Thickness and orientation of BFRP fabrics required for restoration of
ultimate load capacity
5.5 CONCLUSIONS
The following conclusions are made based on the outcomes of this study. Hence, these
conclusions may be limited to the scope of work of this study.
This paper presents a BFRP rehabilitation scheme of shear deficient steel beams (with a
corrosion defect in the web). To the best of the knowledge of the authors, the study is the
first one to be conducted where an FRP fabric has been used for rehabilitation of steel
beams with a corrosion defect in the web. This rehabilitative technique was successful in
restoring the stiffness, yield load capacity, and ultimate load capacity of a shear deficient
steel beam to that of undamaged steel beam. Of note, this rehabilitative technique was also
able to withstand de-bonding between the BFRP and steel substrate.
The improvement of the structural behavior was correlated to the thickness and the
orientation of the BFRP fabric. The study concluded that fourteen layers of unidirectional
BFRP fabric (thickness of 6.6 mm) using 45° orientation of the fabric is the optimum
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technique for restoring the ultimate load capacity of the shear deficient steel beam suffering
from 50% loss of web thickness.
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CHAPTER 6
EVALUATION OF DIC METHOD FOR DETERMINATION OF MECHANICAL
PROPERTIES OF FRP MATERIALS
6.1 INTRODUCTION
A composite material is an anisotropic material consisting of two or more different
materials bonded together. Fibre reinforced polymer (FRP) is a composite material which
consists of two different materials: matrix (continuous phase) and fibre (discontinuous
phase). Generally, the matrix part can be found as a thermosetting material (polyester,
vinyl ester, epoxy resin, etc.) or as a thermoplastic material (polypropylene, polyethylene,
PVC, etc.). The most common fibres used to reinforce the matrix and improve its
mechanical properties are glass, aramid, carbon, and basalt. However, basalt fibre and
composite made of basalt fibre is the newest product. FRP material was developed in the
1960s and then wildly used in different industries for rehabilitation of existing structures.
The main reason for its great attraction is appropriate engineering properties such as high
stiffness, high strength, high fatigue endurance, and low density [1].
Carbon fibre is a product of controlled pyrolysis process and has been one of the most
popular fibre used in structural engineering applications. The steady increase in the use of
carbon fibre is due to its high elastic modulus, high tensile strength and low density (low
weight), and its outstanding resistance to chemical, thermal and environment effects.
Carbon fibre is an ideal choice for structures which are weight and deflection sensitive.
However, the high cost of production is a significant drawback for its usage [2].
Glass fibre is a product of direct melt process. It has been widely used for most of
composite applications as this product is economical, easy to produce, and has moderate
stiffness and strength. However, glass fibre is sensitive to moisture, particularly in the
presence of salt and alkalinity. Glass fibre is also susceptible to creep rupture and lose of
strength under sustained stresses. There are different types of glass fibres, including Eglass (electrical grade) which is a good insulator, S-glass which has high impact strength
and corrosion resistance, R-glass which has the higher tensile strength and elasticity
139

modulus and the greater resistance to fatigue and aging, and AR-glass (alkali-resistant
glass) which is used mostly in the reinforced concrete structures [3].
Aramid fibre is a synthetic product manufactured from the process named extrusion and
spinning. The main characteristics of aramid fibre are high strength and impact
resistance, moderate elasticity modulus, and low density (about 40% of glass density).
Generally, this fibre is coated or painted since it is susceptible to degradation from
ultraviolet light and moisture. Its strength and stiffness decrease when exposed in high
humidity environments [4].

Basalt fibre is a relatively new product. Basalt is a type of igneous rock that formed in the
process of rapid cooling of lava at the surface of the ground. Since the raw material
(basalt rock) is used in manufacturing of the basalt fibre, this product is a green, nontoxic,
and recyclable material. Basalt fibre is highly resistant to acidic and alkali attack, which
makes this fibre a good candidate in the rehabilitation of concrete and shoreline structures
[5]. The price of basalt fibre is slightly less than E-glass fibre and is significantly less
than aramid and carbon fibres. For example, its cost is about 1/5th of carbon fibre [6].
Behaviour of FRP materials have been studied by several researchers, however many of
these studies were completed in different contexts. Lupasteanu et al. [7] summarized
various micromechanical approaches to determine (theoretically) tensile, compressive,
and shear properties of FRP materials in both directions. Reddy et al. [8] studied tensile,
compressive, flexural strength and shear properties of laminates fabricated by T-300
carbon, T-700 carbon and E-glass unidirectional fibres and showed that T-300 carbon
fibre has superior properties than the other fibres. Eksi and Genel [9] investigated the
mechanical behaviour of woven and unidirectional glass, aramid, and carbon fibre
composite materials. The study showed that for unidirectional fibre, carbon had the better
performance compared to the other fibres, while for the woven fibre, aramid experienced
better mechanical properties. Moreover, Liu et al. [10] compared the mechanical
properties of twill weaved basalt and E-glass fibres and found that basalt fibre has higher
tensile strength than E-glass fibre. Torabizadeh [11] investigated the effect of temperature
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on mechanical properties of unidirectional glass fibre and showed that its strength and
stiffness will increase with decreasing temperature from 25°C to -60°C.
Ou et al. [12] reviewed the tensile properties of GFRP with varying strain rate and
temperature using digital image correlation (DIC) technique and concluded that failure
pattern of the fabrics is closely related to the loading conditions. This study also found
that the tensile strength and toughness decrease at higher temperatures. Landesmann et al.
[13] determined the mechanical properties of GFRP and found that a higher fibre content
leads to more ultimate strength and elastic stiffness in this composite fabric. The effects
of strain rate on the mechanical properties of various FRP materials have also been
extensively studied. Shokrieh and Omidi [14-16] investigated tension, compression, and
in-shear behaviour of unidirectional glass fibres under different strains. The authors
concluded that tensile strength, shear strength, compressive strength, elastic modulus,
failure strain, absorbed energy, and fracture energy increase as the strain rate is increased.
Gurdusideswar et al. [17] and Zhu et al. [18] also observed similar tensile behaviour for
Kevlar 49 (a type of aramid fibre), respectively. Furthermore, Cui et al. [19] studied the
shear response of carbon fibre and found that increasing the strain rate results in an
increase in shear stiffness and yielding strength, and a decrease in failure strain. A study
on longitudinal compression of unidirectional carbon fibre completed by Koerber and
Camanho [20] showed an increase in longitudinal compressive strength with increasing
strain rate. This study concluded that the longitudinal compressive modulus is not strain
rate sensitive.
FRP is a complex and non-homogenous material. Understanding the mechanical and
other properties of FRP materials still requires a vast amount of investigation. Most of the
previous research in this field has focused on the determination of mechanical properties
of FRP which have been in use for a long period of time and these FRPs are made of
carbon, aramid, and E-glass fibres. Tests data on composite material made of basalt fibre
is scarce. Hence, the primary objective of the current research was to undertake a
comprehensive experimental study to determine various mechanical properties of five
FRP materials commonly used in civil engineering structural rehabilitation work. This
study included carbon fibre reinforced polymer (CFRP), high-strength glass fibre
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reinforced polymer (HS-GFRP), E-glass fibre reinforced polymer (E-GFRP), aramid
fibre reinforced polymer (AFRP), and basalt fibre reinforced polymer (BFRP) composite
materials. Comparison of the mechanical properties and failure modes of these five
composite materials was also undertaken in the current study. A non-contact technology
called Digital image correlation (DIC) technique was introduced, used, and evaluated for
acquiring accurate and reliable strain data from these materials. The study found that the
DIC is a better alternative than using conventional gauges such as strain gauge and
extensometer.
6.2 EXPERIMENTAL PROGRAM
6.2.1 Materials
In this study, five different types of dry fabrics namely, carbon, high strength glass (HSglass), E-glass, aramid, and basalt were used for making FRP composite coupon
specimens. All tests were undertaken in the Material Testing Laboratory at the University
of Windsor. The fabrics were unidirectional as shown in Figure 6.1. The properties of dry
fabrics, as provided by the manufacturers, are summarized in Table 6.1.
The epoxy resin used for the construction of the composite material must be strong
enough to bond the fibres completely. In this study, a high quality, two component epoxy
resin was used to make composite coupons. The nominal properties of epoxy resin
provided by the manufacturer are reported in Table 6.2.

a) Carbon

b) HS-glass

c) E-glass

d) Aramid

Figure 6.1 Unidirectional fabrics
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e) Basalt

Table 6.1 Properties of unidirectional fabrics
Carbon

HS-glass

E-glass

Aramid

Basalt

Fabric thickness(mm)

0.26

0.077

0.359

0.19

0.33

Fabric weight(gr/m2)

227

200

913

280

212.3

Table 6.2 Nominal properties of epoxy resin (tensile properties)
Fy (MPa)

Fu (MPa)

54

55.2

εy (%) εu (%)
2.5

Elastic Modulus (GPa)

Poisson’s Ratio

3.1

0.4

3.5

6.2.2 Preparation of FRP coupon specimens
In order to determine mechanical properties of the FRP composite materials, rectangular
flat coupons were prepared using ASTM D3039/D3039M-14 and ASTM D3518/3518M13 standards [21, 22]. In this study, three test groups (0°, 90° and 45°) of coupon
specimens were made of unidirectional carbon, HS-glass, E-glass, aramid, and basalt
fabrics. Each test group consisted of six specimens to satisfy the minimum test
requirement according to the standard. The dimension of the coupon specimens with 0○
orientation, 45○, and 90○ orientation is shown in the Figure 6.2.
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Figure 6.2 Dimension of coupon specimens

The preparation of composite coupon specimens started with impregnation of fabric
sheets with an epoxy resin. A high quality two-part epoxy resin was used in this research.
Each fabric sheet was impregnated with a thin layer of the epoxy resin and then placed on
a flat surface between two end tabs positioned on each side of the sheet as shown in
Figure 6.3. The test specimens were then allowed to cure at room temperature for seven
days. In the next stage, the composite fabric sheets were cut to the standard dimensions as
shown in the Figure 6.2.

a) 0° orientation

b) 90° orientation

c) 45° orientation

Figure 6.3 Impregnation of fabric sheets

Strain gauges were mounted on one face of the coupon specimen to obtain strain data, as
shown in Figure 6.4a. The strain data from strain gauge were acquired through a data
acquisition system. In addition, emerging noncontact measurement technique called
digital image correlation (DIC) was also employed on the other face of the coupon
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specimen to obtain strain data and the strain contour. A thin layer of white paint was first
applied, and then random speckle pattern was created using black spray paint as shown in
the Figure 6.4b and Figure 6.4c to create a necessary contrast on the surface of coupon
specimens,.

a) Strain gauges on the
coupons

b) White paint
background

c) Black paint speckles

Figure 6.4 Preparing of coupons specimens (strain gauge on one face and paint on
the opposite face)
6.2.3 Test setup
The composite coupons were placed in the grips of a Universal Testing Machine (UTM)
with a 50 kN load capacity as shown in the Figure 6.5. All coupon specimens were tested
under monotonically increasing increments of tensile load and a displacement control
method of ASTM D3039/D3039M-14 [21] was used. The load data collected through the
loadcell was used to calculate the stress.
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Figure 6.5 Coupon specimen installed in UTM
6.2.4 DIC technique
The image correlation (DIC) is a non-contact optical method that uses a correlation
algorithm to examine a series of digital images. The implementation of this method
requires three steps: (i) specimen preparation and test setup, (ii) recording consecutive
images of specimen during the test, and (iii) processing the results. The principal of this
technique is comparison of a series of gray scaled images to track the movement of pixels
in a region of interest (ROI), and then calculate displacement of pixels according to a
correlation algorithm. In DIC, the ROI needs to be defined within the image, then the
ROI is divided into smaller parts named subsets using an evenly spaced virtual grid. To
calculate the displacement field at any grid point, subsets of images need to be tracked
between deformed and reference images.
The use of DIC for measuring displacements and strains during laboratory tests has been
widely accepted. Several studies have been reported about using this powerful tool in
experimental mechanics. Pan et al. [23] presented a review of using DIC for in-plane
displacement and strain measurement. The performance of DIC criteria in strain mapping
was examined by Tong [24]. Characteristics and failure behavior of CFRP, GFRP and
adhesive using DIC technique was investigated by Ab Ghani [25]. Fouinneteau and
Pickett [26] also investigated failure characterization of heavy tow braided composites
using DIC. Different failure modes of carbon and glass braided composites have been
conducted in this study. Furthermore, in a study by Tekieli et al. [27], strain of steel,
carbon, and basalt textile coupons were measured by means of an LVDT integrated in the
146

testing machine, an extensometer, and DIC. It was reported that the use of DIC is a better
method than the other methods of strain determination since DIC contributes to a deeper
understanding of the behaviour of the fibres and more information, such as strain at
arbitrary locations, could be obtained by this method.
In DIC method, a series of clear and high-resolution photos are required to obtain an
accurate displacement and strain map. In this study, a 14 mega pixel Canon digital
camera was used to capture photos of the entire surface of the specimens during the test.
To guarantee the photos were clear, the sample was illuminated by a standard white light
source. The digital camera was fixed in a desired position (same height and close enough
to the specimen) by using an adjustable tripod as shown in the Figure 6.6.

Figure 6.6 Digital camera setup

During the test, the digital camera was connected to a computer via a software, and all
digital images captured from the coupon tests were recorded simultaneously. In this
study, the photos for all coupon specimens were taken every 3 seconds. A commercially
available computer software was used to correlate all images and provide the
displacement and strain maps of the specimen surface. This software can calculate
several variables including exx (strain in X direction), and eyy (strain in Y direction). After
completing the analysis of the images in this software, strain maps in any coupon
specimen were obtained. In Figures 6.7, typical strain maps obtained from a coupon
specimen are illustrated.
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a) X-direction

b) Y-direction

Figure 5. DIC image with

Figure 5. DIC image with

Figure 6.7 Strains in a coupon specimen

6.3 RESULTS AND DISCUSSION
6.3.1 Stress-strain curves for FRP
In this study, the mechanical properties of FRP materials, including tensile properties in
the main and transverse directions, and in-plane shear properties (0°, 90° and 45°
respectively), were determined. For each orientation of the fabric material, six coupon
specimens were made from each fabric sheets, and tensile tests were performed in
accordance with ASTM D3039/D3039M-14 standard specification [21]. For each coupon
specimen, the stress-strain curve was obtained using load-time data recorded by the
universal testing machine and strain-time data collected through a data acquisition
system. In addition to this, for each specimen, approximately 30-50 images were taken
during the test, and strain-time data obtained using a commercially available software
were combined with the load-time data to acquire another stress-strain response. In this
research, firstly, these stress-strain curves were performed for two composite coupons
(CFRP and BFRP). The average stress-strain curves (of six specimens) obtained from the
two methods (using strain gauge data and DIC technique), for selected composite
coupons, are shown in Figures 6.8 and 6.9. In the calculation of the stress data, nominal
thickness of the fabric sheets was considered.

148

Figure 6.8 Stress-strain curves for CFRP specimens

Figure 6.9 Stress-strain curves for BFRP specimens
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As can be found from the Figures 6.8 and 6.9, there is a good agreement between stressstrain curves obtained from the DIC technique and the curves gathered from the strain
gauge data. The tensile tests performed in this step of the research have revealed that DIC
is an effective method to measure the mechanical behaviour of composite materials.
Generally, for strain determination, various conventional instruments and methods such
as strain gauges, extensometer, and crosshead displacement in universal testing machine
are used. However, this study investigated the feasibility and accuracy of DIC technique.
DIC is a non-contact digital technique and has many advantages over the conventional
methods. In comparison with the conventional method that uses strain gauge, DIC has the
capability to provide the strain field (strain contour) in the whole area of the specimen
and in all directions (Figure 6.10), while strain gauges provide a localized strain data in
specific directions and the strain gauge strain data can be easily affected by local
imperfections in the specimen.

Figure 6.10 Use of a virtual extensometer in DIC
For the main direction in the tensile tests carried out on BFRP coupon specimens, the
range of the strain data that could be acquired through the strain gauge is smaller than the
range of strain data obtained through DIC (stress of 92 MPa and strain of 0.0044 in
Figure 6.11). This difference in the range of the stress-strain data obtained from these two
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methods is due to the dominant failure mode of the basalt coupon specimens as shown in
Figure 6.12. BFRP coupon specimens failed in the longitudinal direction mostly in the
mid-length of the specimen, while CFRP failed in transverse direction near the grip of the
universal testing machine. As a result, strain gauges were installed on the BFRP coupon
specimens was affected by the failure of coated epoxy (which happened sooner than the
fabric failure), and hence, these strain gauges could not acquire the last segment of the
stress-stain behaviour in the main (longitudinal) direction. However, since the failure of
CFRP coupons occurred transversally near the grip, the strain gauges could acquire the
last segment of the stress-strain curve. The failure modes of all composite coupons are
explained in the subsequent sections.

Figure 6.11 Ranges of stress-strain data obtained from strain gauge and DIC
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a) Carbon

b) Basalt

Figure 6.12 Comparison of BFRP and CFRP failure mode in 0° orientation
Another conventional technique for determining strain uses mechanical extensometer.
This technique works well for ductile materials such as steel that shows a necking
behaviour. Extensometer can be removed prior to the failure of the specimen to prevent
any damage of the extensometer. However, FRP is a brittle material and exhibits a linear
elastic behaviour with a sudden failure mode. Hence, the failure is not always obvious
and thus, there may not be a warning that allows removing the extensometer if used for
determining the strain history. In addition, the use of movement of the crosshead of the
UTM to obtain strain in the specimen has several drawbacks such as crosshead captures
slacks in the test setup, slippage in the specimen in the grip, so the result of this method is
mostly total deformation rather than deformation in the gauge length. Hence, this method
provides erroneous strain data and it is not recommended in the standards.
As discussed earlier, DIC technique was validated with strain gauge data as shown in
Figures 6.8 and 6.9. Hence, for the rest of the composite coupons including AFRP, EGFRP and HS-GFRP, the study was completed just using DIC technique. Average stress
and strain data obtained from six identical specimens are reported in Figures 6.13 to 6.15.
Further, in Table 6.3, the summarised data are presented.
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Figure 6.13 Stress-strain curve for FRPs specimens in the main direction
Figure 8. Strain in X Direction Figure 7. Digital camera setupFigure 6.

Figure 6.14 Stress-strain curve for FRPs specimens in the transverse direction
Figure 8. Strain in X Direction Figure 7. Digital camera setupFigure 6. Typical

Figure 6.15 Stress-strain curve for FRPs specimen in 45° direction
Figure 8. Strain in X Direction Figure 7. Digital camera setupFigure 6.
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Table 6.3 Average of experimental results of FRP coupon specimens
Property

Symbol

CFRP

HS-GFRP

E-GFRP

AFRP

BFRP

Ultimate tensile strength 0° (MPa)

Xt

1780

1890

600

1490

570

Longitudinal modulus (GPa)

E1

152

113

26

91

25

Ultimate tensile strain 0°

ext

.012

.016

.024

.016

.025

Ultimate tensile strength 90° (MPa)

Yt

96

280

35

190

45

Transverse modulus (GPa)

E2

29

85

7

65

8

Ultimate tensile strain 90°

eyt

.0032

.0030

.0050

.0030

.0055

Ultimate in-plane shear strength (MPa)

S

201

322

48

237

80

In-plane shear modulus (GPa)

G12

39

59

6

43

7

Ultimate in-plane shear strain

eS

.0055

.006

.006

.0058

.0055

Poisson’s ratio

ν

.52

.50

.40

.45

.44

As can be found from the Figures 6.13 to 6.15, all FRP coupon specimens exhibited a
linear stress-strain response in the main (parallel to the fibre orientation) direction (0°
orientation). In 45° (inclined) and 90° (transverse) directions, the stress-strain responses
were not exactly linear at the initial and final stages, and hence, the middle one-third of
the stress-strain plot was considered for calculating the modulus of elasticity (stiffness).
From the analysis, it can be concluded that CFRP and HS-GFRP composite coupons
exhibited the highest tensile strength and stiffness in the main (0°) direction as shown in
Figure 6.13 and Table 6.3. AFRP also exhibited a relatively high strength and stiffness,
while both E-GFRP and BFRP composite coupons had almost one-fifth of the stiffness
and one-third of the ultimate strength compared to CFRP and HS-GFRP (Figure 6.13,
Table 6.3). All FRP specimens showed a brittle failure mode, however, the ultimate strain
of E-GFRP and BFRP were almost two times higher than the ultimate strain for other
FRP composites. Hence, BFRP and E-GFRP were found to be much more ductile than
CFRP, HS-GFRP, and AFRP. Thus, this study found that for structural rehabilitation
where high strength and elastic stiffness rehabilitating materials are needed, CFRP, HSGFRP, and AFRP would be a better choice. BFRP and E-GFRP would be a far better and
prudent choice if a higher ductility of the rehabilitated structure is demanded. However,
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other considerations such as cost of material, degradation due to exposure to various
chemicals or weather conditions, green or sustainability are not considered in this study.
Nonetheless, CFRP is about five times more expensive than the BFRP and among all the
FRPs considered in this study, BFRP would be a green option [6].
Figures 6.14 and 6.15 show stress-strain properties of all the five FRPs in other two
directions, transverse (90°) and inclined (45°). It is interesting to note that though CFRP
exhibited the highest strength and elastic stiffness in the main (0°) direction, it exhibited a
much weaker strength and stiffness in the transverse and inclined directions (see Figures
6.13-6.15). The weakness of transverse and 45° directions of CFRP may be due to a
higher void content as shown in the Figure 6.1.
6.3.2 Damage characteristic of FRP
One of the most important factors in determining FRP characteristics is its failure mode.
Every tested coupon specimen was photographed as shown in the Figures 6.16 to 6.18 to
understand damage shapes and failure mode of each FRP.

a) CFRP

b) HS-GFRP

c) E-GFRP

d) AFRP

Figure 6.16 FRPs failure mode in 0° orientation
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e) BFRP

a) CFRP

b) HS-GFRP

c) E-GFRP

d) AFRP

e) BFRP

Figure 6.17 FRPs failure mode in 90° orientation
Figure 5. DIC image with definition of ROI,

a) CFRP

b) HS-GFRP

c) E-GFRP

e) BFRP

d) AFRP

Figure 6.18 FRPs failure mode in 45° orientation

The standard three-part failure mode (Table 6.4) described in ASTM D3039/D3039 M-14
[21] was used to identify different failure modes.
Table 6.4 Tensile test failure mode
First Character

Second Character

Third Character

Failure Type

Code

Failure Area

Code

Failure Location

Code

Angled

A

Inside grip/tab

I

Bottom

B

Edge delamination

D

At grip/tab

A

Top

T

Grip/tab

G

<1 W from grip/tab

W

Left

L

Lateral

L

Gauges

G

Right

R

Multi-mode

M

Multiple areas

M

Middle

M

Long-splitting

S

Various

V

Various

V

Explosive

X

Unknown

U

Unknown

U

Other

O
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In this study, failure modes for all the coupon specimens were carefully examined. The
results of each failed specimen, which were based on the three-part failure mode of
ASTM D3039/D3039M-14, are presented in Table 6.5.
Table 6.5 Dominant failure mode of coupon specimens
CFRP

HS-GFRP

E-GFRP

AFRP

BFRP

0° orientation

LMV

SMV

SMV

LGM

SMV

90° orientation

LWM

LWM

LAT

LAB

LWM

45° orientation

AVV

AVV

AVV

AVV

AVV

As can be found from the Figures 6.16 to 6.18, the FRP composite coupons experienced
different failure modes in the main direction (0° orientation). CFRP coupons mostly
failed in lateral direction (L) at multiple area including tab, away from the tab, and near
to gauge area (M) at top and bottom points (V); hence, the dominant failure mode can be
described as LMV failure mode. HS-GFRP, E-GFRP and BFRP mostly failed in longsplitting shape (S) at multiple areas and at various points. As a result, the failure mode for
these coupons can be described as SMV failure mode. AFRP coupons dominant failure
mode can be explained as LGM, since most of them failed in lateral direction, near the
gauge area at middle point.
In contrast to the main direction, FRP coupons failed mostly as the same failure modes in
45° and 90° orientations. For the transverse direction (90° direction), all of them failed in
lateral direction (L), away from the tab and in the middle of the specimen (WM) or near
tab at top or bottom position (AT or AB respectively). For 45° direction, all of them
failed as an angle direction, at various areas and points (AVV).
Analysis of the dominant failure mode in the main direction for various composite
coupons shows that in some composite fabrics such as CFRP and AFRP, the failure is
more catastrophic and sudden than the other three composite fabrics (Figure 6.16). This
characteristic should be considered in rehabilitation of the structures using a FRP. It is
known that all FRP composite are brittle materials and in rehabilitation of the structures
when they are used, the behaviour of the structures will be changed to brittle and the
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amount of the brittleness depends to the type of FRP used. It is recommended that for
rehabilitation of the structures using FRP, the properties of composite materials including
stiffness, ultimate stress, ultimate strain, the dominant failure mode, and the cost of
fabrics be considered.
6.4 CONCLUSIONS
The following conclusions are made based on the results obtained from this study. Hence,
these conclusions may be limited to the scope of this study.
This study found that the DIC is a reliable testing method that can be used for
determining mechanical properties of various FRPs commonly used in civil engineering
infrastructure. The study also found that DIC method has several advantages. Some of
these advantages are that the DIC offers a non-contact method and this method is able to
determine complete stress-strain behaviour without any damages to the equipment.
The test data generated in this study are extremely useful and valuable to the practicing
engineers and researchers who would like to investigate the potential use of these FRP
materials for rehabilitation of aging infrastructures and other possible applications in civil
or other field of engineering.
The test data revealed that CFRP and HS-GFRP would be best suitable materials for
rehabilitation of structures or structural elements when increase in strength and stiffness
is the primary objective. However, BFRP and E-GFRP would be a far better choice for
rehabilitation when ductility is the primary objective. These recommendations do not
consider the cost of materials and other factors such as durability in various weathering
conditions, green sustainability.
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CHAPTER 7
GENERAL DISCUSSION AND CONCLUSIONS
The current study was carried out to develop a new technique for flexural rehabilitation
of corroded steel beams using BFRP and CFRP fabric. These beams had loss of wall
thickness due to corrosion damage in the bottom flange. Some corroded steel beams were
also shear rehabilitated using BFRP fabrics. These beams had loss of thickness due to
corrosion damage in the web. The performance of the rehabilitation technique was
evaluated by measuring the improvement of structural behavior in terms of elastic
stiffness, yield load capacity, ultimate load capacity and ductility of damaged steel beams
when rehabilitated using BFRP and CFRP fabric.
This rehabilitation technique was evaluated using lab-based experimental study as well as
using complex finite element based numerical study. This chapter concludes the main
findings of the study, which discussed in more detail in the previous chapters, and offers
recommendations for future studies.
7.1 CONCLUSIONS
The following conclusions are made according to the experimental tests and finite
element (FE) simulation conducted under the scope of this research.
1. It was concluded from the test results that the structural behaviors of flexural
deficient steel beams including elastic stiffness, yield load, and ultimate load
capacity can be fully restored to the level of an original (virgin or uncorroded)
beam, if a sufficient thickness of CFRP fabric is used and if debonding failure is
avoided.
2. Similarly, it was found that the aforementioned structural behaviors of flexural
deficient steel beams can be fully restored to the level of an original beam, if a
sufficient thickness of BFRP fabric is used and if the debonding failure is
avoided.
3. It was observed that the ductility of the steel beams with flexural strength
deficiency rehabilitated with CFRP or BFRP fabric, was lower than the ductility
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of the original beam specimen. The study also showed that the ductility of the
rehabilitated specimen can be increased with increasing the number of fabric
layers. However, the ductility of BFRP flexural rehabilitated steel beams was
higher (15% on average) than the ductility of CFRP flexural rehabilitated steel
beams of similar number of layers.
4. FRPs flexural rehabilitation resulted in an improvement in the depth of the neutral
axis. It was found that the neutral axis depth of a flexural deficient beam can be
fully restored to the level of the original beam if required number of CFRP or
BFRP fabric layers is applied.
5. The thickness of BFRP fabric required to achieve a target strength and stiffness is
about 1.5 to 2.0 times higher than the required thickness of CFRP fabric since
BFRP fabric has less strength and stiffness than the CFRP fabric. However, the
cost of BFRP fabric is about 1/5th of the CFRP fabric and hence, total cost of
flexural rehabilitation of damaged steel beams using BFRP fabric is far (about 2.5
times) less than the total cost of using CFRP fabric.
6. BFRP fabric-based rehabilitation scheme used in this study was found to be
effective in restoration of the stiffness, yield load, and ultimate load capacity of
steel beam which has deficiency in shear strength due to loss of web thickness.
The improvement of the structural behavior was correlated to the thickness and
the orientation of the BFRP fabric. The study concludes that 14 layers of
unidirectional BFRP fabric (thickness of 6.6 mm) with 45° orientation is the
optimum technique for restoring the ultimate load capacity of the shear deficient
steel beam which has 50% loss of web thickness due to corrosion damage.
7. For both flexural and shear rehabilitation of damaged beams with FRPs, the FE
models developed in this study were successful in modeling the rupture in the
FRP fabrics and the effect of the rupture in the structural behaviour of the
rehabilitated beam. The validated FE models were able to predict the required
number of FRP layers for various levels of defect.
8. This study found that the DIC is a reliable testing method that can be used for
determining mechanical properties of various FRPs commonly used in civil
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engineering infrastructure. The study also found that DIC method has several
advantages. Some of these advantages are that the DIC offers a non-contact
method and this method can determine complete stress-strain behaviour without
any damages to the equipment.

7.2 RECOMMENDATIONS
The following recommendations are made in regarding to the future research works.
1. It is recommended to conduct more experimental tests on flexural rehabilitation of
damaged steel specimens with various percentages of damage, and various shapes
of damage.
2. It is also proposed to performed more research on shear rehabilitation of steel
beams including various percentages of damage and different shapes of damage in
the web area, and at different locations of the beam including near the supports,
and at mid-span position.
3. Further studies also recommended to compare the performance of different types
of FRPs in flexural and shear rehabilitation of damaged steel beams.
4. FRP rehabilitation of steel specimens with bottom flange and web damaged were
conducted in this research, it is recommended to investigate the FRP rehabilitation
of steel beams with imperfection at top flange which is subjected to compression
stress.
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